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ABSTRACT 
A workshop on i s s u e s  a s s o c i a t e d  wi th  r e g i s t r a t i o n  and r e c t i f i c a t i o n  of NASA sensor  
data f o r  e a r t h  a p p l i c a t i o n s  was h e l d  on November 17-19, 1981. Attendees from NASA 
c e n t e r s ,  o t h e r  fedcral agencies  and departments,  i n d u s t r y ,  and e d u c a t i o n a l  i n s t i -  
t u t i o n s  discusijed t h e  i s s u e s  i n  a broad  contex t  ranging f r m  NASA e a r t h  observa- 
t i o n s  systems t o  u s e r  a p p l i c a t i o n s .  
%e p o i n t s  and redommendations p re sen ted  at t h e  workshop can be  d i v i d e d  i n t o  
t h r e e  c a t e g o r i e s :  concerns about t b e  p r e s e n t  s i t u a t i o n  and s u g g e s t i o n s  f o r  
imprmement , w e l l  de f ined  near- and long-range a p p l i c a t i o n s  r e s e a r c h  t a s k s  
havir,g low manpower and funding requirements ,  c )  some medium-range technology 
augmentation r e s e a r c h  areas, elements  o f  which were brought up by s e v e r a l  pane l s ,  
which would r e q u i r e  s i g n i f i c a n t  manpower and budget re:murceP 
concerns r a i s e d  can be forwarded t o  t h e  NASA branches and program o f f i c e s  f o r  the 
a p p r o p r i a t e  d i s c i p l i n e s ,  o r  incorpora ted  as j u s t i f i c a t i o n  f o r  Information Systems 
Off ice  funded SRT. 
t a s k s  can be inco rpora t ed  w i t h i n  the Information Systems SRT program o r  o t h e r  
programs. 
a)  
b )  
Most of t h e  
Similar l j r ,  t h e  sugges t ions  f o r  small a p p l i c a t i o n s  r e s e a r c h  
The medium-range (3-5 y e a r )  technology augmentation research areas p rov ide  an 
oppor tun i ty  f o r  t h e  Information Systems Of f i ce  t o  propose s i g n i f i c a n t  new starts 
i n  FY83. Three proposed areas are: 1) Advanced Image R e g i s t r a t i o n  System, 
2 )  Master Growid Control  P o i n t / P a t t e r n  Library  System, 3) E r r o r  Budget Modelling 
and Sensor V e r i f i c a t i o n  Tes t ing  System. 
A longer-range goa l  should be t h e  development of sensor  p l a t f o r m  s t a b i l i t y  and 
a s s o c i a t e d  a t t i t u d e  c o n t r o l  t o  p rov ide  5-10 meter multi- temporal r e g i s t r a t i o n  
accuracy with minimal o r  no ground, c o n t r o l .  
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1.0 EXECUTIVE SUMMAZY 
1.1 HIGHLIGHTS 
A workshop on i s s u e s  a s s o c i a t e d  w i t h  r e g i s t r a t i o n  and r e c t i f i c a t i o n  of NASA 
s e n s o r  d a t a  f o r  e a r t h  a p p l i c a t i o n s  was h e l d  on November 17-19, 1981. Atten- 
d e e s  from NASA c e n t e r s ,  o t h e r  f e d e r a l  a g e n c i e s  and departments ,  i n d u s t r y ,  and 
e d u c a t i o n a l  i n s t i t u t i o n s  d i s c u s s e d  t h e  i s s u e s  i n  a broad c o n t e x t  ranging  from 
NASA e a r t h  o b s e r v a t i o n s  systems t o  u s e r  a p p l i c a t i o n s .  The r e s u l t s  o f  t h e  
p r e z e n t a t i o n s  and d e l i b e r a t i o n s  showed t h a t  some promising t e c h n o l o g i e s  and 
procedures  can and should be  implemented w i t h i n  t h e  n e x t  few y e a r s  t o  advance 
the  c u r r e n t  technology and improve f u t u r e  ground segment p rocess ing .  A g o a l  
fo r  1990 should be  t h e  development of s e n s o r  p la t form s t a b i l i t y  and a s s o c i a t e d  
a t t i t u d e  c o n t r o l  t o  provide  5-10 meter mul t i tempora l  r e g i s t r a t i o n  accuracy  
wi th  minimal o r  no ground c o n t r o l .  
A l ong  range  g o a l  of t h e  Information Systems Office i s  t o  provide  t h e  set  o f  
t e c h n i q u e s  needed t o  d i g i t a l l y  r e g i s t e r  and r e c t i f y  remotely sensed d a t a ,  i n -  
t e g r a t e  remotely sensed d a t a  w i t h  convent iona l  d a t a ,  reduce  image geometr ic  
and mapping e r r o r s  w h i l e  main ta in ing  image q u a l i t y ,  and reduce  system and pro- 
d u c t  c o s t s  through improving p r o c e s s i n g  e f f i c i e n c y  and adopt ing  more automated 
t echn iques .  The workshop sought  t o  provide  a s o l i d  bas i s  fo r  NASA planning  i n  
t h i s  a r e a  by i d e n t i f y i n g  c u r r e n t  needs,  de te rmining  c u r r e n t  technology,  and 
recommending programmatic e lements .  The agenda was s t r u c t u r e d  t o  a c h i e v e  t h e  
s t a t e d  o b j e c t i v e s  by having p r e s e n t a t i o n s  on u s e r  needs,  space  segment e r r o r s  
and ground segment errors d u r i n g  t h e  f irst  day. For h a l f  of t h e  second day ,  
p r e s e n t a t i o n s  were g iven  on s a l i e n t  a s p e c t s  of t h e  r e g i s t r a t i o n  and r e c t i f i c a -  
t i o n  p r o c e s s  a s  well as  error a n a l y s i s  procedures .  The remainder of t h e  work- 
shop was devoted t o  working group d i s c u s s i o n s .  Each of t h e  seven working 
groups was charged t o  a s s e s s  t h e  s t a t e  o f  t h e  a r t ,  and i d e n t i f ' y  r e s e a r c h  t a s k s  
s u i t a b l e  fo r  t h e i r  s u b j e c t  a r e a .  The r e s u l t s  o f  t h e  working group recommenda- 
t i o n s  and g e n e r a l  d i s c u s s i o n s  a r e  summarizeci belDw. 
The e s s e n t i a l  e lements  wi th  r e g i s t r a t i o n  were appor t ioned  to three working 
groups: image sha rpness ,  f e a t u r e  e x t r a c t i o n ,  and inter-image matching. A l l  
three working groups noted t h e  l a r g e  amount of non-NASA work t h a t  h a s  been 
performed and recommended t h a t  s ta te -of - the-ar t  s u r v e y s  be qu ick ly  undertaken 
t o  p r e p a r e  fo r  key technnlogy augmentation r e s e a r c h  p r o j e c t s  o f  s i g n i f i c a n t  
scope and provide  j u s t i f i c a t i o n  f o r  i n i t i a t i n g  ].ow-budget SRT t a s k s .  The - i m -  
age  sharpness  group proposed near-term SAT t a s k s  on t h e  r e l a t i o n s h i p  between 
s e n s o r  IFOV and e f f e c t i v e  IFOV on sharoening  images f o r  matching and ground 
c o n t r o l  p o i n t  i d e n t i f i c a t i o n .  They a l s o  noted t h e  need f o r  improved SAR image 
formation SRT. Longer-range s t u d i e s  proposed were concerned w i t h  t h e  poten- 
t i a l  o f  t e c h n i q u e s  t o  avoid a l i a s i n g  e r r o r s  and d i f f r a c t i o n - r e l a t e d  b l u r r i n g  
on MLA s e n s o r  systems. Tne f e a t u r e  e x t r a c t i o n  group noted t h a t  r e c e n t  re- 
search r e s u l t s  have revea led  t h e  p o t e n t i a l  t o  u s e  s u b p i x e l  est . imation of l o c a l  
f e a t u r e s  t o  imprr ? ground c o n t r o l  p o i n t  selection and inter- image matching. 
Focused funding s. A d  provide  s i g n i f i c a n t  near-term r e s u l t s  here. A longer-  
range  p r o j e c t  o f  much g r e a t e r  scope would be t h e  development o f  ground c o n t r o l  
p a t t e r n  ( a s  opposed t o  c o n t r o l  p o i n t )  l i b r a r i e s  t o  p r o v i d e  improved accuracy ,  
g r e a t e r  g e n e r a l i t y ,  and world-wide c a p a b i l i t y  for  t h e  r e g i s t r a t i o n  p rocess .  
As s i m i l a r  s u g g e s t i o n s  were brought  up by o t h e r  working groups,  t h e y  were 
t r e a t e d  i n  g r e a t e r  d e t a i l  l a t e r .  The inter- image matching group recommended 
1 
t h a t  s e v e r a l  low-level SRT t a s k s  be s la ted  f o r  e a r l y  funding t o  a s s e s s  t h e  ac- 
curacy  of matching by d i f f e r e n t  t e c h n i q u e s  under d i f f e r e n t  c o n d i t i o n s  t o  guide  
i n d i v i d u a l  u s e r s  and p r o j e c t - o r i e n t e d  image registration/rectification sys-  
tems. This group a l s o  sugges ted  t h a t  mul t i tempora l  and m u l t i s e n s o r  r e g i s t r a -  
t i o n  systems w i t h  t h e i r  a s s o c i a t e d  l ib rar ies  be b major endeavor o v e r  t h e  nex t  
3-5 yea r s .  
The e s s e n t i a l  e lements  a s s o c i a t e d  w i t h  r e c t i f i c a t i o n  were appor t ioned  t o  one 
group concerned w i t h  remapping and a n o t h e r  a s s o c i a t e d  w i t h  resampling proce- 
du res .  Both groups poin ted  o u t  t h e  need f o r  state-of-the-art technology as- 
sessments  p r i o r  t o  i n i t i a t i o n  of major  programs, and t h e  h igh  p o t e n t i a l  r e t u r n  
from well formulated t e s t i n g  of a l g o r i t h m s  on selected d a t a  sets of a c t u a l  and 
s y n t h e t i c  imagery. I n  a d d i t i o n ,  t h e  remapping group poin ted  o u t  t h e  need f o r  
SRT t a s k s  t h a t  i n c o r p o r a t e  s t a n d a r d  photogranmetr ic  methodology and foi-Anulas 
and more f u l l y  u t i l i z e  platform and c a l i b r a t i o n  da ta  from c u r r e n t  anr, pi.oposed 
s e n s o r s  t o  reproject d i g i t a l  imagery. The impact, o f  improved p la t form s t a X l -  
i t y  and i n t e g r a t i o n  of GPS measurements on reduned ground segment p r o c e s s i n g  
needs t o  be c r i t i c a l l y  a s ses sed .  The group a l s o  h i g h l i g h t e d  t h e  need for  a 
s u b s t a n t i a l  e f fo r t  i n  t h e  development of remapping software and systems t h a t  
a r e  modular and t r a n s p o r t a b l e .  This need stems from t h e  f a c t  t h a t  p r e v i o u s  
and c u r r e n t  ground segment image d a t a  r e c t i f i c a t i o n  t a s k s  a r e  faced w i t h  ex- 
t e r n a l  forces d i f f i c u l t  t o  r e s o l v e ,  namely u s e r s  want ing a wide v a r i e t y  of map 
p r o j e c t i o n s  and d a t a  p r o c e s s i n g  c a p a b i l i t i e s  which p r i v a t e  i n d u s t r y  h a s  n o t  
y e t  c o s t - e f f e c t i v e l y  developed fior has  a n  i n d i v i d u a l  government f a c i l i t y  ef- 
f i c i e n t l y  s u p p l i e d .  The resampl ing  group a l s o  r a i s e d  t h e  need for  t r a n s p o r t -  
a b l e  s o f t w a r e  and systems t h a t  could be i n t e g r a t e d  w i t h  remapping systems. 
They poin ted  o u t  t h e  need fo r  an SRT ef for t  i n  a l g o r i t h m s  t o  compensate and 
provide  v a l i d  e s t i m a t e s  fo r  miss ing  d a t a  occurrences  i n  upcoming TM and MLA 
s e n s o r  s y s t e m .  As a g e n e r a l  p o i n t ,  i t  was noted t h a t  f u t u r e  s e n s o r  d e s i g n  
should t a k e  i n t o  account  t h e  f a c t  t h a t  r e s a m p l i n g / r e p r o j e c t i o n  w i l l  be under- 
taken  and a s  a r e s u l t  s e n s o r  system d e s i g n s  s h o u l d  opt imize  fo r  resampling 
r a t h e r  t han  IFOV concerns.  
The error a n a l y s i s  procedures  were subdiv ided  i n t o  an e r r o r  c h a r a c t e r i z a t i o n  
and an error budget group and methods of  v e r i f i c a t i o n  group. Both groups 
pointed out t h a t  t h i s  a r e a  h a s  l i t t l e  p r i o r  h i s t o r y  w i t h i n  NASA b u t  is exper i -  
encing c o n s i d e r a b l e  a t t e n t i o n  now t h a t  sensor systems d a t a  a r e  being i n t e -  
g r a t e d  w i t h  other  informat ion  whose o n l y  common a t t r i b u t e  is a l a t i t u d e  and 
l o n g i t u d e  p o s i t i o n  i d e n t i f i e d  t o  a g i v e n  l e v e l  of accuracy.  The error charac-  
t e r i z a t i o n  and error budget group recommended s e v e r a l  SRT t a s k s ,  both s h o r t  
and long term b u t  a t  a modest l e v e l  of e f fo r t ,  t o  e v a l u a t e  e x i s t i n g  error mod- 
e l s  ( i . e . ,  f o r  Landsat D/TM) and develop error models f o r  f u t u r e  systems def-  
i n i t i o n  and t rade-of f  s t u d i e s .  A major e f f o r t  was proposed t o  h e l p  break down 
t h e  impasse t h a t  f r e q u e n t l y  o c c u r s  between u s e r  requi rements  and system devel-  
opment d e c i s i o n s .  I t  was proposed t h a t  a system t h a t  i t e r a t e s  u s e r  r e q u i r e -  
ments and space  imaging system error budget c h a r a c t e r i s t i c s  be developed t o  
achieve  a s a t i s f a c t o r y  ba lance  of a l t e r n a t i v e s  t h a t  are  most c o s t - e f f e c t i v e .  
The v e r i f i c a t i c n  methods group proposed a s i m i l a r ,  l a r g e - s c a l e  progran: which 
could mesh t h e  e r r o r  budget p r e d i c t i v e  modeling w i t h  end-to-end image v e r i f i -  
c a t i o n  t e s t i n g  systems. 
I n  summary, t h e  p o i n t s  and recommendations presented  a t  t h r  workshop can  b e  
d iv ided  i n t o  three c a t e g o r i e s :  a )  concerns  about  the  p r e s e n t  s i t u a t i o n  and 
s u g g e s t i o n s  for improvement, b) well def ined  near- and long-range a p p l i c a t i o n s  
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r e s e a r c h  t a s k s  having low manpower and funding requi rements ,  c )  some medium- 
range  technology augmentat? an r e s e a r c h  a r e a s ,  e lements  of wh ich  were brought  
up by s e v e r a l  p e n e l s t  which would r e q u i r e  s i g n i f i c a n t  manpower and budget re- 
sources .  k o s t  of t h e  conce*-w r a i s e d  can be forwarded t o  t h e  a p p r o p r i a t e  NASA 
d i s c i p l i n e  branches and p r o j e c t  program o f f i c e s  or' i n c o r p o r a t e d  a s  j u s t i f i c a -  
t i o n  f o r  Information Systems Office funded SRT. S i m i l a r l y ,  t h e  s u g g e s t i o n s  
for s m a l l  a p p l i c a t i o n s  r e s e a r c h  t a s k s  can be i n c o r p o r a t e d  w i t h i n  t h e  Informa- 
t i o n  Systems SRT program or o t h e r  programs. 
The medium-range (3-5 y e a r )  technology augmentation r e s e a r c h  areas, however, 
p r o v i d e  a n  o p p o r t u n i t y  f o r  t h e  Information Systems Office t o  propose s i g n i f i -  
c a n t  new starts i n  FY83. Each of t h e  technology augmentat ions s h o u l d  improve 
upon t h e  r e g i s t r a t i o n  and r e c t i f i c a t i o n  elements  o f  ground segment d a t a  han- 
d l i n g  t o  a d e g r e e  which would permit major a s  opposed t o  incrementa l  improve- 
ment of t h e  s i t u a t i o n  a s  it exists today ,  The three proposed programs a r e :  
1 .  Advanced Image R e g i s t r a t i o n  System: Expanded u s e r  Feeds i n  r e g i s t r a -  
t i o n  of m u l t i p l e  s e n s o r  d a t a  and more precise local r e g i s t r a t i o n  can 
best  be met for  t h e  n e x t  decade by improving t h e  a n a l y s t  c a p a b i l i t y  
t o  d i s c e r n  matching ground c o n t r o l  p a t t e r n s / p o i n t s .  The system would 
i n c l u d e  smart  imaging t e r m i n a l s  augmented w i t h  image enhancement a l -  
gorithms and procedures  designed t o  improve a n  i n d i v i d u a l  a n a l y s t ' s  
throughput  and success /accuracy  p r o b a b i l i t y  f o r  r e g i s t e r i n g  multitem- 
p o r a l  and m u l t i s e n s o r  ground c o n t r o l  p a t t e r n / p o i n t s .  The system 
would a l s o  i n c l u d e  automated r e g i s t r a t i o n  procedures  and selected 
p r o j e c t i o n s  fo r  remapping imagery a s  t r a n s p o r t a b l e  s o f t w a r e  modules. 
2. Master Ground Control  P o i n t / P a t t e r n  L i b r a r y  System: Expanded re- 
q;uirement.s fo r  automated ground c o n t r o l  p o i n t / p a t t e r n  i n t e g r a t i o n  
w i t h  irnaging sensor d a t a  w i l l  hes t  be  met by t h e  order ly  development 
of a l i b r a r y  t h a t  a c c e p t s  and v e r i f i e s  d a t a  from a v a r i e t y  of  s o u r c e s  
m d  IS upwardly expandable  t o  f u t u r e  s e n s o r  systems. The l i b r a r y  
h.2~115 i n c l u d e  t h e  v a r i e t y  o f  a lgor i thms r e q u i r e d  for t e s t i n g  and up- 
d a t i n g  ground c o n t r o l  p o i n t  l o c a t i o n  i n  images of d i f f e r e n t  s e n s o r s  
under d i f f e r e n t  c o n d i t i o n s .  I t  would ;Is0 i n c l u d e  t h e  d a t a  a r c h i v e  
and d a t a  base  management r e q u i r e d  t o  provide  world-wide coverage f o r  
NASA s a t e l l i t e  s e n s o r  systems. 
3. Error Budget Modelling and Sensor  V e r i f i c a t i o n  Testing System: NASA 
p r o j e c t  management needs an i t e r a t i v e  c a p a b i l i t y  t o  e v a l u a t e  u s e r  re- 
quirements  and p o t e n t i a l  e n g i n e e r i n g  d e s i g n  t r a d e - o f f s  pr ior  t o  
launch. I t  also needs a g e n e r a l  purpose end-to-end v e r i f i c a t i o ?  of  
pert'orniance post launch.  The t e s t i n g  system would p r o v i d e  a dynamic 
environment t o  t e s t  and v e r i f y  a l t e r n a t i v e  r e g i s t r a t i o n  and recti: i -  
c a t i o n  s t r a t e g i e s  (e.g. ,  u s e  of CPS f o r  Landsat D) f o r  ongoing and 
f u t u r e  sensors which can  be r e a d i l y  understood by p o t e n t i a l  u s e r s ,  
and minimize ambigui ty  a s s o c i a t e d  w i t h  spec i f i ca t ions  and 
performance . 
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1.2 RECOMMENDED RESEARCH TASKS BY PANEL 
1.2.1 Image Sharpness  Panel  
Near-Term T a e  
1. Study r e l a t i o n s h i p s  between e f f e c t i v e  IFOV and "optimal" image s t r u c -  
t u r e s  fo r  sharpening  images (4 manyears, $20k computer,  2 yea r  
d u r a t i o n ) .  
2. Study r e l a t i o n s h i p s  of IOFV on performance of matching a l g o r i t h m s  ( 1  
manyear, $10k computer, 1 y e a r  d u r a t i o n ) .  
Undertake a s ta te -of - the-ar t  s u r v e y  of publ i shed  and u n c l a s s i f i e d  re- 
s e a r c h  i n  image sharpening  funded by DOD i n  r e c e n t  yea r s .  ( 1  manyear, 
1 y e a r  d u r a t i o n ) .  
Long-Range Tasks 
3. Study t h e  p o t e n t i a l  of u s i n g  o p t i c a l  p r e f i l t e r i n g  on MLA systems t o  
reduce t h e  p o t e n t i a l  for a l i a s i n g  errors. (3 manyears, $20k computer, 
3 y e a r s  d u r a t i o n ) .  
4. Determine a p p r o p r i a t e  compensation/sharpening t e c h n i q u e s  needed t o  re- 
duce d e f r a c t o r  l i m i t e d  image b l u r r i n g  a s s o c i a t e d  w i t h  thermal IR MLA 
s e n s o r s  and p a s s i v e  microwave s e n s o r s  (5 manyears, $40k computer, 5 
y e a r s  d u r a t i o n ) .  
I m e s t i g a t e  o p t i c e l  and d i g i t a l  c o r r e l a t o r  t e c h n i q u e s  t o  sharpen SAR 
images. (3 manyears, $40k computer, 3 y e a r s  d u r a t i o n ) .  
1.2.2 F e a t u r e  E x t r a c t i o n  Panel 
Near-Term Tasks 
1. Inventory of c u r r e n t  c a p a b i l i t i e s  and concepts  o f  image/fnature  models 
f o r  e s t i m a t i n g  tPe p o s i t i o n s  of image f e a t u r e s  t o  less hen a p i x e l .  
( 1  manyears, 1 yea r  d u r a t i o n ) .  
2. Accuracy assessment  of models used 'A e s t i m a t e  t h e  p o s i t i o n s  of image 
f e a t u r e s  t o  less t h a n  a p i x e l .  (3 manyears, $20K computer, 2 manyears 
d u r a t i o n ) .  
Long-Range Tasks 
3. Development of s u b p i x e l  f e a t u r e  e s t i m a t i o n  models for  ground c o n t r o l  
p o i n t  i d e n t i f i c a t i o n  and s e l e c t i o n .  (6 manyears, $40k computer, 4 
y e a r s  d u r a t i o n ) .  
4 .  Ground c o n t r o l  p a t t e r n  l i b r a r y  d e s i g n  development and t e s t i n g  includ-  
.trig s i n g l e  o r  m u l t i p l e  s e n s - r  f e a s i b i l i t y  and DBMS c a p a b i l i t i e s .  (10 
manyears, $50k computer, 5 years d u r a t i o n ) .  
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1.2.3 Inter-Image Matching Panel 
Near-Term Tasks -
1. I n v e s t i g a t e  t h e  p o t e n t i a l  u t i l i t y  of cc,rxerc! i l l y  a v a i i a b l e  s p e c i a l  
purpose hardware t o  de te rmine  whether f '.s economical t o  speed up 
commonly used  a igo r i thms  f o r  inter-impge matching. ( 1  manyear, 1 year  
du ra t ion ; .  
2. Study t o  de te rmine  i n t e r a c t i o n  o f  irlte'*-image matching procedures  and 
s e l e c t i o n  o f  GCPs for a given  s e n s o r ,  t he reby  providi i lg  guidance on 
s e l e c t i o n  c r i t e r i a  f o r  f u t u r e  l i b r a r i e s  ( 3  manyears, $5Ck computer, 2 
y e a r s  d u r a t i o n )  ( m u l t i p l e  t a s k ) .  
3. Determine t h e  f e a s i b i l i t y  o f  developing a c e n t r a l i z e d  system t o  per-  
form r e g i s t r a t i o n  and r e c t i f i c a t i m  f o r  v a r i o u s  s e n s o r s  ( i . e . ,  SAR, 
MLA, MSS, etc.)  (2 manyears, 2 y e a r s  d u r a t i o n ) .  
Long-Range Tasks 
1. I n v e s t i g a t e  t h e  effect  o f  number and d i s t r i b u t i o n  of c o n t r o l  p o i n t s  
r equ i r ed  for r e c t i f i c a t i o n  o f  a g iven  image ( s e n s o r )  and i t s  charac-  
ter is t ics  us ing :  a p r i o r i  model, s e l e c t i o n  of deg ree  model, or d e v e l -  
opment o f  a model w i t h  an a d a p t i v e  warping func t ion  c a p a b i l i t y ;  and 
de termining  t h e  adequacy of  f i t .  (5 manyears, $40k computer,  4 y e a r s  
d u r a t i o n ) .  
2. Study t o  de te rmine  t h e  f e a s i b i l i t y  o f  a h i g h l y  automated, g l o b a l ,  mul-  
t i s e n s o r  c o n t r o l  p o i n t  l i b r a r y .  (S imi l a r  t o  Feature Ex t rac t ion  and 
Remapping Panel Recommendations). 
1.2.4 Remapping Parlel 
Near -Term Tasks 
1.  Development o f  a t r a n s p o r t a b l e  so f tware  and gene ra l  nardware desigr .  
s p e c i f i c a t i o n  f o r  image warping and r o t a t i o n  f o r  remapping. (4 man- 
y e a r s ,  $20k computer, 2 y e a r s  d u r a t i o n ) .  
2. Generate  s imula ted  and s t anda rd  d a t a  se ts  f o r  a i r c r a f t  and s p a c e c r a f t  
images and des ign  s imulat . ion s tudy  a1 qori thms f o r  remapping. (4 man- 
y e a r s ,  $20k computer, 2 y e a r s  d u r a t i o n ) .  
3. Develop s u i t a b l e  t echn iques  f o r  image mosaicking and mul t i tempora l  
o v e r l a y s  ( 3  manyears, $20)~ computer,  2 y e a r s  d u r a t i o n ) .  
4. Develop and implement photogrammetric r e c t i f i c a t i o n  and block a d j u s t -  
ment t echn iques  f o r  ove r l app ing  d i g i t a l  imagery (3 manyears, $20k com- 
p u t e r ,  2 y e a r s  d u r a t i o n ) .  
5. E s t a b l i s h  tdptimized a i r c r a f t  mission des ign  a l t e r n a t i v e s  ( 1  manyear, 1 
year  du ra t5on) .  
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Long-Range Tasks 
1. I n v e s t i g a t e ,  model, and implement r e c t i f i c a t i o n  t o  sensors ( scanne r ,  
MLA, SARI. (10 manyears, $50k computing, 5 y e a r s  d u r a t i o n ) .  
2. Develop correspondence ( s i m i l a r i t y )  measures for f i n d i n g  c o n t r o l  
p o i n t s  between images from d i f f e r e n t  s enso r s .  (4 manyears, $20k com- 
pu t ing ,  4 y e a r s  d u r a t i o n ) .  
3. I n v e s t i g a t e  and develop models f o r  compensa t ion /cor rec t ion  o f  a t t i -  
tude. Design advanced a t t i t u d e  s e n s o r s  and develop c a p a b i l i t y  f o r  
on-board compeesation ( a i r c r a f t  and s p a c e c r a f t ) .  (7 manyears, $20k 
computing, 5 y e a r s  d u r a t i o n ) .  
4. Develop Ground Cont ro l  Poin t  Files ( s i m i l a r  t o  f e a t u r e  e x t r a c t i o n  and 
inter-image Mapping Panel recommendations). 
1.2.5 Resampling Panel 
Near-Term Tasks 
1. Define t h e  p o i n t  spread func t ion  (PSF) t h a t  w i i l  y i e l d  t h e  "best? '  re- 
s u l t  fo l lowing  resampling.  Parameters  would i n c l u d e  no i se ,  shape o f  
t h e  desired o u t p u t  PSF, and in s t rumen ta l  c o n s t r s i n t s .  ( 3  manyears, 
$10k computing, 3 yea r s  d l l r a t ion ) .  
2. Develop s t anda rd  d a t a  sets o f  both rea l  and s y n t h e t i c  d a t a ,  tes t  and 
compare resampling algorithms under vary ing  c o n a i t i m s ,  and p u b l i s h  
results. (5 manyears, d40k computing, 2 y e a r s  d u r a t i o n ) .  
3. Develop methods o f  f i l l i n g  d a t a  gap  r e g i o n s  on scanner  and MLA type  
sys+-rns a s s o c i a t e d  wiLh dead d e t e c t o r s  or scan  gap-. (6 manyears, 
$20k computing, 3 y e a r s  d u r a t i o n ) .  
4. Document and t es t  and l a s t  squa res  resampling approach. Cost benefit  
ana lyses  m u s t  a l s o  be  done and clear d e f i n i t i o n s  o f  a p p l i c a b i l i t y  and 
m i t a t i o n s  a s c e r t a i n e d .  ( 1  manyear, $5k computing, 1 year  d u r a t i o n ) .  
5. I n v e s t i g a t e  t h e  b e n e f i t s  o f  going beyond t h e  l i n e a r  r e s t r i c t i o n  on re -  
sampling a lgo r i thms .  (2 manyear, $5k computing, 1 year  d u r a t i o n ) .  
Long-Range Tasks 
?. Discover a "benign" resampling method f o r  a r c h i v i n g  d a t a  (5 manyears, 
$20k computing, 5 years d u r a t i o n ,  2+ groups) .  
2. I n v e s t i g a t e ,  from t h e  erd use p e r s p e c t i v e ,  apLimal resampling func-  
t i o n s .  Determine opt imal  resamples  based upon: radiometric accuracy ,  
geometr ic  f i d e l i t y ,  o r  s p a t i a l  f e a t u r e  e V r a c t i o n  (5 manyears $20k 
computing, 5 y e a r s  dura t ic ! . ,  2+ group) .  
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1 .2 .6  Error C h a r a c t e r i z a t i o n  and Error Budget Panel 
Near-Term Tasks 
1. Ootain and e v a l u a t e  t h e  e x i s t i n g  Thematic Mapper error models (5 man- 
y e a r s ,  850k comouting, 3 years d u r a t i o n ) .  
2 .  Develop error models for  f u t u r e  system d e f i n i t i o n  and t r a d e o f f  s t u d i e s  
on aCvanced densors ,  s p a c e c r a f t / s h u t t l e ,  p rocess ing ,  and informat ion .  
(5 manyears, $50k computing, 3 y e a r s  d u r a t i o n ) .  
Long-Range Tasks 
1 .  Develop t h e  system and procedures  r e q u i r e d  t o  p rov ide  i t e r a t i v e  u s e r  
involvement i n  system error budget ing  and e:-r*or model development,  
w i t h  v e r i f i c a t i o n  on  r e a l  and s y f l t h e t i c  d a t a  sets.  (20 nanyears ,  
$100k cotrputing, 5 y e a r s  d u r a t i o n ) .  
2. Create a P o s i t i o n i n g  Error Budget Stud) Group ( 2  maryears ,  $loOK t rav-  
e l ,  5 y e a r s  d u r a t i o n ) .  
1.2 .7  V e r i f i c a t i o n  Methods Panel 
Near-Term Tssks 
1. I d e c t i f y  v e r i f i c a t i o n  perfcrmance measures and review c u r r e n t  wr i f i -  
e a t i o n  approaches.  ( 3  manyears, $20k computer,  1 y e a r  d u r a t i o n ) .  
2. Undertake an image v e r i f i c a t i o n  end-to-end tes t  u s i n g  a selected sys- 
tem a s  a t e s t  Sed .  ( 3  manyears, t 2 0 k  computer,  1 y e a r  d u r a t i o n ) .  
Long-Range Tasks 
1. CornFile s y n t h e t i c  and r ea l  d a t a  se ts  a i s p l a y i c g  %he range  of d i s t w -  
t i o n  c h a r a c t e r i s t i c s  f o r  sdvanced s e n s o r s  (MLA,  SAR, stereo)  and ;den- 
, i f y  recmmended v e r i f i c a t i o n  t echn iques  ( 10 m a y e a r s ,  $ l o o k  cornpit- 
i n g ,  5 y e a r s  d u r a t i o n ) .  
2 .  Undertake image v e r i f i c a t i o n  end-to-end tes ts  on advznceci s e n s o r s  
( i . e . ,  MLA, SAR, stereo) .  (10 manyears, $look computing, 5 y e a r s  dura-  
t i o n ) .  
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1.3 PROPOSED TECHNOLOGY AUGMENTATION PROGRAM 
Three major systems developments or Technology Augmectations were determined 
from s e v e r a l  of t h e  p a n e l ' s  recomaiendations t o  p r o v i d e  s i g n i f i c a n t  improvement 
i n  t h e  r e g i s t r a t i o n  and r e c t i f i c a t i o n  p r o c e s s  fo r  terrestrial (or p l a n e t a r y )  
imaging systems planned for launch in t h i s  decade. A l l  would invo lve  a s l g -  
n i f i c a n t  comsitment o f  manpower and budget r e s o u r c e s  o v e r  a 3- t o  5-year de- 
velopment phase. They r e p r e s e n t  s i g n i f i c a n t  engineer ing ,  systems,  and sc ien-  
t i f i c  modeling d e s i g n  c h a l l e n g e s  for NASA which, i f  accomplished, kould s e r v e  
a wide community o f  research and a p p l i c a t i o n s  u s e r s .  The recommended sys tems 
i n c l u d e  : 
I. Advanced Image R e g i s t r a t i o n  System: Expanded u s e r  needs i e  r e g i s t r a t i o n  
o f  a u l t i p l e  s e n s o r  d a t a  and more p r e c i s e  l o c a l  r e g i s t r a t i c n  can best be met 
for t h e  n e x t  decade by improving t h e  a n a l y s t ' s  c a p a b i l i t y  t o  d i s c e r n  matching 
ground c o n t r o l  p a t t e r n s / p o i n t s .  ?he system would i n c l u d e  smar t  imaging ter- 
minals  augmented w i t h  image enhancement a l g o r i t h m s  and procedures  designed t o  
improve a n  i n d i v i d u a i  a n a l y s t ' s  throughput  and success /accuracy  p r o b a b i l i t y  
for  r e g i s t e r i n g  mul t i tempora l  and m u l t i s e n s o r  ground c o n t r o l  p a t t e r d p o i n t s .  
The system wculd a l s o  i n c l u d e  automated r e g i s t r a t i o n  procedures  and selected 
p r o j e c t i o n s  for remapping imagery a s  t r a n s p o r t a b l e  s o f t w a r e  modules. (20  man- 
y e a r s ,  $500k procurements,  5 y e a r s  d u r a t i o n ) .  
11. Master Ground Control  P o i n t / P a t t e r n  L i b r a r y  System: Expanded r e q u i r e -  
ments f o r  automated grobnd c o n t r o l  p o i n t / p a t t e r n  i n t e g r a t i o n  w i t h  iaaEir?g sen- 
sor d a t a  w i l l  b e s t  be  met by t h e  o r d e r l y  development of a l i b r a r y  t h a t  accepts 
and v e r i f i e s  d a t a  from a v a r i e t y  of s o u r c e s  and is upwardly expandable  t o  fu- 
t u r e  s e n s o r  systems. The l i b r a r y  
qu i r ed  f o r  t e s t i n g  and updat ing  
d i f f e r e n t  s e n s o r s  under  d i f f e r e n t  
a r c h i v e  and d a t a  base  management 
NASA s a t e l l i t e  s e n s o r  systems. 
d u r a t i o n ) .  
wo-dd i n c l u d e  t h e  v a r i e t y  of a lgor i thms re- 
ground c o n t r o l  p o i n t  l o c a t i o n  i n  images of 
cond i t ions .  I t  would also i n c l u d e  t h e  d a t a  
r e q u i r e d  t a  provide  world-wide coverage for  
(IO manyears, $500k procurements,  4 y e a r s  
111. -- Error Budget Modeling and Sensor  V e r i f i c a t i o n  T e s t i n g  System: NASA p r o j -  
ect management needs an i t e r a t i v e  c a p a b i l i t y  t o  e v a l u a t e  u s e r  requi rements  and 
p o t e n t i a l  engineer ing  d e s i g n  tradeoffs p r i o r  t o  launch. I t  also qeeds  a gen- 
w a l  purpo3e end-to-end v e r i f i c a t i o n  of performance post launch.  The t e s t i n g  
syst,em wouid provide  a dynamic environment t o  t e s t  and v e r i f y  a l t e r n a t i v e  reg- 
i s t r a t i o n  and r e c t i f i c a t i o n  s t r a t e g i e s  (c .g . ,  u s e  of CPS for  Landsat D) f o r  
ongoing ana f u t u r e  s e n s o r s  which can  b e  r e a d i l y  understood by p o t e n t i a l  u s e r s  
and minimizing ambigui ty  a s s o c i a t e d  w i t h  s p e c i f i c a t  lcns and performance. (40 
inanyears. t500k prccurements,  5 y e a r s  d u r a t i o n ) .  
2.0 INTRODU CTION 
2.1 CACKGROUND 
The r ange  o f  u s e f u l  a p p l i c a t i o n s  for processed  da ta  have  met i n i t i a l  expecta-  
t ions since t h e  launch  of  t h e  first satel l i tes  two decades  ago. However, 
t h e r e  have  been sme areas cf concern  r ega rd ing  da ta  d e l i v e r y ,  t h e  need for 
improved s p a t i a l  and s p e c t r a l  r e s o i u t i o n ,  and t h e  desire for registered and 
map rectified d a t a .  Improved ground sys tems throughput  and s e n s o r  and space- 
c r a f t  related technology have  s h w n  c o n t l n u w s  p r o g r e s s  o v e r  t h e  y e a r s :  hou- 
e v e r  , t h e  r a p i d  g e n e r a t i o n  of a c c u r a t e l y  registered and/or  nap  rectified data  
h a s  n o t  progressed  a s  quick ly .  There are s e v e r a l  r easons  t h a t  have c o n t r i -  
buted t o  t h i 3  s t a t e  of a f f a i r s ,  and :hey are  t h e  p r i n c i p a l  concern  of t h i s  
workshop. 
Remotely sensed d a t a ,  p a r t i c u l a r l y  t h e  Landsat  series, p r e s e n t  s e v e r a l  chal-  
l e n g e s  t o  d i g i t a l  da t a  a c q u i s i t i o n .  F i r s t ,  t h e  f i l e s  a r e  ve ry  l a r g e ,  r equ i r -  
ing special purpose  a lgo r i thms  and hardware for e f f i c i e n t  process ing .  Second, 
cont inuous  along- and across-track d i s t o r t i o n s  i n  t h e  imagery -- a t t r i b u t a b l e  
t o  s e n s o r  geometry and q r b i t  ephemeris  cnanges both  s y s t e a a t i c  and nonsystem- 
a t i c  -- make p r e c i s e  d a t a  c a p t u r e  a d i f f i c u l t  and sometimes c o s t l y  procedure.  
' ih i rd ,  NASA exper imenters  have b e t n  most i n t e r e s t e d  i n  t h e  s p e c t r a l  range ,  
s p a t i a l  r e s o l u t i o n ,  wide-area coveragr:, and r a p i d  r e p e a t  c y c l e  of e a r t h  obser- 
v a t i o n a l  systems. Only w i t h  time hns a n  a p p r e c i a t i o n  of t h e  need fo r  geocod- 
i n g  t o  accomplish a n  e a s y  i n t e r f a c e  w i t h  o ther  da ta  sets become a t a s k  of s i g -  
n i f i c a n t  p r o p o r t i o n s  t o  warran t  a conce r t ed  effor t .  
There have been s e v e r a l  developments i n  Landsat  d a t a  c a p t u r e  i n  r e c e n t  years .  
The missior: ground segment. p rocess ing  h a s  mnved from t h e  i n i t i a l  photo product  
o r i e n t a t i o n  t o  a g r e a t e r  c o n c e n t r a t i o n  on p repe r ing  computer compatabie t a p e s .  
Improvements have occurred  i n  both expanding the number of fram2s processed 
p e r  day and p rov i s ion  for  p r e c i s i o n  c o r r e c t i o n .  Much work s t i l l  's ahead,  
however, handl ing  t h e  da ta  ra tes  and geometric d i s t o r t i o n s  a s sc -c i a t ed  w i t h  t h e  
upcoming Laqdsat-D/Thematic Mapper and proposed MLA systems.  I n  pa ra l l e?  w i t h  
t h e  miss ion  ground segment p rocess ing  h a s  been t h e  development a t  local  f a c i l -  
i t i e s  of p r e c i s i o n  p rocess ing  of selected a r e a s  t o  meet n a t i o n a l  map aczuracy  
s t a n d a r d s .  These p roduc t s  c h a r a c t e r i s t i c a l l y  o v e r l a p  o t h e r  maps or a r e  d i g i -  
t a l l y  i n t e r f a c e d  wi th  geagraphic  in fo rma t ion  systems.  
The workshop U P S  convened i n  an e f for t  t o  review Techniques used fo r  e f f i c i e n t  
and a c c u r a t e  registration/rectification and l d e n t i f y  key r e sea rch  areas  uhic?i 
need t o  be addressed .  
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A. V i l l a senor ,  NAcA Headquarters* 
The d a t a  systems program i n  OSTA has  f a i r l y  s p e c i f i c  goals t h a t  t r y  t o  improve 
user a c c e s s  t o  space  de r ived  d a t a  (see Appendix 9.6). I n  t h e  p rocess  of  do ing  
t h a t ,  w e  have t o  deve lop  d a t a  management a c t i v i t i e s ,  pu t  t o g e t h e r  c a t a l o g s  and 
p rov ide  d a t a  networks t o  move d a t a  from t h e  space  producers  t o  t h e  space  d a t a  
users. A t  t h e  same time w e  expec t  t o  reduce  t h e  c o s t  and r i s k  o f  f l i g h t  mis- 
s i o n s .  After a l l ,  t h e  primary reason f o r  f l y i n g  mis s ions  is t.o g a t h e r  d a t a  
and, h i s t o r i c a l l y ,  t h e r e  h a s  been c o n s i d e r a b l e  c o s t  i n  p r x e s s i n g  space  d a t a .  
Also, w e  expec t  t o  p rov ide  a base  whereby p rov id ing  new t o o l s  and making d a t a  
more a v a i l a b l e  w i l l  enab le  >re q u e s t i o n s  t c  be asked o f  t h e  d a t a  and the re -  
f o r e  enab le  new informatior, c a p a b i l i t i e s .  Our phi losophy is t o  s p e c i f i c a l l y  
t r y  t o  work w i t h  t h e  users. We real ly  d o n ' t  have a program wi thout  requi-re- 
m e n t s  and t h a t ' s  one o f  t h e  r easons  why t h e  f i rs t  block o f  speake r s  r e p r e s e n t s  
t h e  liser commur.ity. Once we know what t h e  needs are, w e  can encourage and ap- 
p ly  advanced technology t o  meet t h e i r  need. I s a y  "encourage" because t h e  
GSTA role 13 not  t o  deve lop  technology,  it is t o  apply  technology.  There is 
ano the r  o f f i c e  a t  Headquarters  which is  c h a r t e r e d  t o  deve lop  new components, 
new hardware technologies .  What we want t o  do is serve a s  a f o c a l  po in t  t o  
encapsule  t h e  common requi rements  throughout  NASA programs and have s y s t e m  
which can be t r a n s p c r t e d  from one a p p l i c a t i o n  t o  another .  Our role is i n  t h e  
d a t a  sys tem arena  and not  in d a t a  i n t e r p r e t a t i o n .  We s t o p  a t  t h e  po in t  o f  ex- 
t r P c t i n g  s p e c i f i z  i n fo rma t ion ,  image c l a s s i f i c a t i o n  f o r  example, and t r y  t o  
develop in-house expertise. 
A Data Systems Bratxh r o l e  is t o  c o o r d i n a t e  t h e  d a t a  sys tem needs w h i c n  a r e  
common; t h e  Branch has  t h e  c h a r t e r  from NASA's a p p l i c a t i o n s  o f f i c e  t o  develop  
a d a t a  system plan .  That  means f o r  t h e  a p p l i c a t i o n s  p r o j e c t s ,  common d a t a  
r e g i s t r a t i o n  a c t i v i t i e s ,  commn ca+.alogs , and a l s o  p i l o t  s y s t e m  developments.  
We provide  t echnfca l  suppor t  t o  t h e  program o f f i c e s  w i t h  r e s p e c t  t o  d a t a  s y s -  
tem a c t i v i t i e s .  We t r y  t o  apply  advanced d a t a  sys t ems  technology such a s  
p i p e l i n e  o r  p a r a l l e l  p rocesso r s  technology where needed to  improve process ing  
speeds  and e f r i c i e n c i e s .  We a l s o  need t o  e s t a b l i s h  and develop a s k i l l  base  
f o r  t h e  d a t a  system managers i n  t h e  va r ious  :;.@SA f l i g h t  p r o j e c t s  and e s t a b l i s h  
a f o c a l  p o i n t  f o r  NASA i n t e r f a c e s  w i t h  o t h e r  agenc ie s  o r  p r i v a t e  i n d u s t r y .  
We have s e v e r a l  programs ac t ive ly  involved in ,sppl.ying technology t o  suppor t  
c u r r e n t  and proposed f l i g h t  miss ions .  The Appl ica t ion  Developmental Data Sys- 
tem is t o  provide  a near-real- t ime process ing  c a p a b i l i t y  f o r  Thematic Mapper 
on Landsat-D. We a r e  working on a s y n t h e t i c  a p p e r t u r e  r a d a r  d a t a  s y s t e m  t o  
p rocess  SeasatISAR-type images i n  p repa ra t ion  f o r  f u t u r e  SAR f1ight .s .  We're 
t r y i n g  t o  t r a n s f e r  some o f  t h e  s o f t i s r e - i n t e n s i v e  image process ing  a c t i v i t i e s  
i n t o  t h e  VLSI technology ( s p e c i f i c a l l y  image r o t a t i o n ) .  We a r e  going t o  be 
looking  ac l i g i t a l  d i s k  a p p l i c a t i o n s  i n  t h e  ' 82 - ' 83  time frame. Our second 
t h r u s t  1s i n  networking c a p a b i l i t i e s  and what we a r e  doing here is  l i n k i n g  to -  
ge the r  a numbr r  o f  d a t a  management systems and d a t a  a m l y s i s  f a c i l i t i e s  which 
suppor t  t h e  atmosphere and c l i m a t e  program. Th i s  s p e c i f i c a l l y  is  done a t  t h e  
Goddard Space F l i g h t  Center. A s i m i l a r  a c t i v i t y  is planned f o r  t h e  Ear th  Re- 
sources  Program s t r o n g l y  based on Landsat imagery a t  t h e  JSC f a c i l i t y .  We 
--I__- * E d i t e d  o r a l  p r e s e n t a t i o n .  
jiat began t h i s  year  t o  deve lop  a system f o r  oceanographic  r e sea rch  a t  Jet 
Propuls ion  Loaoratory . 
111 t h e  informat ion  extraction area we are t r y i n g  t o  b u i l d  a program: hence,  
t c d a y ' s  workshop on image registration/rectification. We w i l l  a l s o  be looking  
,at d a t a  i n t e g r a t i o n  and a t  deve loping  execu t ive  l e v e l  software which can  be 
: ; , - r id  from one h o s t  system t o  ano the r .  Smart user t e r m i n a l s  a r e  being de- 
b lo$ed a t  NSTL's l a b o r a t o r y .  The i n t e n t i o n  t h e r e  is t o  deve lop  low-cost user 
t l m n i n a l s  for t h e  mark& f o r  t h e  small user. I n  t h e  d a t a  management a r e a  we 
ave  eva lua ted  s e v e r a l  commercial d a t a  base  managdmer: Fy-cems wi th  an a p p l i -  
c a t i o n  t o  on-l ine cata!og a c t i v i t i e s  p l u s  on- l ine  image d a t a  bases .  That  is 
a'i a c t i v i t y  which w e  hp\.e begun and w i l l  con t inue  i n t o  t h e  '83 time frame. We 
a J s o  in t end  t o  l o o k  a5  da ta  base hardware t o  make d a t a  access o f  image d a t a  
sets more e f f i c i e n t .  There is a new a c t i v i t y  i n  '82 i f .  w e  receive f u l l  fund- 
i g t o  look a t  d a t a  compression t echn iques  and some elements o f  in format ion  
5 ience. I know f o r  example t b e r e  a r e  some q u e s t i o n s  a s  t o  why we s h o d d  
a q u i r e  a l l  o f  t h e  p c s s i b l e  d a t a  t h a t  a s e n s o r  g e i e r a t e s .  Perhaps we can ap- 
p y some i n t e l l l g e n c e  i n  e i ther  on-board o r  groLnd-based systems t o  be more 
st.lective i n  a c q u i r i r g  t h e  d a t a  we n e e d .  We a l s r ,  look a t  modeling elements, 
modeling f o r  t h e  CYBER 205. 
Let,  me j u s t  run throli-h t h e  accomplishments t o  d3 te .  I n  t h e  d i s t r i b u t e d  d a t a  
systems area we d i d  i n i t i a t e  a c t i v i t i e s  i n  t h e  e x a n  p i l o t  a t  JPL .  We've go t  
',he f u l l  network op2ra t ion  a t  Goddard and developed an on-l ine c a t a l c g  f o r  
some o f  t h e  Nimbus :ZCS d a t a .  A t  JSC. be dev.?loped t h e  requirements f o r  a 
ne twork  o f  t h e  e a r t h  Pesources users. Within t!ie Atmosphere P i l o t  we d i d  pu t  
t c g c t h e r  medium-speel networks t o  exchange image d a t a  and t o  develop a s o f t -  
ware f o r  exchznging tldta f i l e s ,  b u i i d i n g  upon t b e  manufac turers  supp l i ed  s o f t -  
U d r e .  We a l s o  had ;In a c t i v e  program i n  s t a n d a r d s  f o r  a p p l i c a t i o n s  d a t a  set.s 
and d a t a  formats  and Grotocols .  I n  t h e  advanced process ing  systems I d i d  men- 
tisr t h e  p i p e l i n e  s y L t e m  w h i c h  i s  b u i l t  around a VAX minicomputer wi th  a goa l  
t o  produce -10 MSS a-d 100 TM scenes  a day s i x  months a f t e r  launch.  I n  t h e  
S l , ?  processo r  we can now p rocess  a complete SAR d i g i t a l  image i n  2-1/2 h c u r s  
ant1 t h i s  year  w e  expec t  t o  achieve  approximately one hour.  
I n  d a t a  management ~r eva lua ted  s e v e r a l  s y s t e m s  f o r  some of t h e  P i l o t s  and 
tooK advafl'age o f  *:hi! user requi rements  f o r  on- l ine  c a t a l o g s  t o  i n s t a l l  on- 
l i n ?  in :e rac t ive  i .iqiiries f o r  t h e  c l i m a t e  arid t h e  ocear  p i l o t  systems. I n  
t h e  ic format ion  e r t r d c t i o n  a r e a  we s t a r t e d  de \ e lop ing  some improved r e g i s t r a -  
t i o r l  -:echniqu \ p  a t  J X .  The AgRISTARS r e l a t e d  work accomplished t h e  c a p a b i l i -  
t y  t o  look a t  and r e g i s t e r  three mul t i tempora l  scenes  t o  one p i x e l  accuracy.  
JPL d id  P X  msive  w x k  on automosaicing i n  s u ' p o r t  o f  t h e  renewable r e sources  
program. The TranFpor tab le  App l i ca t ions  Exec i t ive  which Goddard developed is 
3eInr i n s t a l l e d  in s e v e r a l  computers a t  Godcard and JPL. We a r e  developing 
i p f ,  mat ion  ex t rac ; io t ,  so f tware  l i b r a r i e s  f c  r ve teoro logy ,  geology, and t h e  
o tans  p i l o t  i . s  wcrking on a s i m i l a r  packagt of a lgo r i thms  f o r  oceancgraphic  
rork 
The t lemc~t  ; . I  t h e  program on image r e g i s t - a t i o n  and r e c t i f i c a t i o n  requires 
a t t e n t i o n  We have a very l i m i t e d  budget and have t o  make some cho ices  a s  t o  
which ce; l ter  performed what  k i n d  of  a c t i v i t y  or i n  f a c t  what made sense t o  do. 
Our  , mmlnitment t o  s u p p o r t  t h e  user environment rai-sed a number of  q u e s t i o n s ,  
3rd I f e l t  i t  was time fcr us t o  s t o p  and t o  s i t  down w i t h  e x p e r t s  i n  r e g i s -  
, r a t i o n  and r e c t i f i c a t i o n  a92 t r y  t o  develop a program f o r  a 5- t o  10-year 
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period. There are needs for  da ta  c o m p a t i b i l i t y  so t h a t  we can  exchange data  
n o t  o n l y  among NASA c e n t e r s  and between NASA and i n d u s t r y  and u n i v e r s i t i e s .  
We need t o  look a t  d a t a  i n t e g r i t y ,  d a t a  q u a l i t y ,  and t h e  kind of a l g o r i t h m s  t o  
use.  Perhaps we need t c  look a t  t r a n s p o r t a b l e  geocoded informat ion  systems.  
The u s e  of t h c  VLSI technology t o  s o l v e  high-compute a l g o r i t h m  problems. We'd 
l i k e  t o  look a t  improved ways t o  crder and r e c e i v e  d a t a ,  and,  of c o u r s e ,  we 
are always i n t e r e s t e d  i n  low-cost u s e r  t e r m i n a l  systems. I wanted t o  assemble 
e x p e r t s  i n  i n d u s t r y  and government and u n i v e r s i t i e s  t o  h e l p  i d e n t i f y  what t h e  
u s e r  requi rements  a r e  and l e a r n  what t h e  s t a t e  of t h e  a r t  is. Knowing where 
we are today we can  i d e n t i f y  what t h e  ntall poles" are and develop  a program- 
m a t i c  schedule  through t h e  n e x t  few yea r s .  I w i l l  be  looklng  f o r  s p e c i f i c  is- 
sues t h a t  we can  pursue i n  t h e  d a t a  systems program. I e x p e c t  s e v e r a l  r e s u l t s  
o u t  o f  t h e  workshop. I e x p e c t  w e  are  going t o  p u b l i s h  proceedings  and t h e y  
w i l l  be d i s t r i b u t e d  by A p r i l  and I w i l l  follow t h a t  up  s h o r t l y  w i t h  a d a t a  
system program p lan .  
2.3 WORKSHOP RATIONALE 
F. C. B i l l i n g s l e y ,  JPL' 
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For t h e  f u t u r e ,  we've g o t  t o  d o r r y  about  how we can  a c t u a l l y  do d a t a  process-  
i n g  i n  a manner t h a t  produces data  which is of g r e a t e r  accuracy  by t h e  time we 
u s e  it. Very l i k e l y  we are going  t o  be d e a l i n g  wi th  a set  of s e n s o r s  which 
may n o t  be on a g iven  s p a c e c r a f t .  T h i s  s a y s  t h a t  t h e  d a t a  may or may n o t  be 
opt imized for  t h e  t y p e  of p r o c e s s i n g  which w e  a r e  going t o  apply.  This i n  
tu;n g i v e s  u s  some i m p l i c a t i o n s  on t h e  p r o c e s s i n g  needed p r i o r  t o  a n a l y s i s ,  
i c . .  geographic  r e g i s t r a t i o n  and t h e  whole q u e s t i c n  of how t o  g e t  d a t a  geo- 
c o d 4  and i n  c o n d i t i o n  t o  r e g i s t e r  one set  o f  d a t a  t o  t h e  other .  There are 
a l so  q u e s t i o n s  of  on-board process ing ,  d a t a  compression, and v a r i o u s  s p e c i a l  
p ipeAr?c  p a r a l l e l  p r o c e s s o r  e lements  which are going t o  be r e q u i r e d  t o  g e t  t h e  
d a t a  through t h e  system i n  t h e  r e a s o n a b l e  time. 
As i l l u s t r a t e d  by F i g u r e  1 ,  we're d e a l i n g  w i t h  a set  of p r o c e s s i n g  i n  one 
p i e c e  of t h i s  t o t a l  system s t a r t i n g  wi th  a s e n s o r ,  a set  t h a t  goes through a 
preprocess ing  s t e p ,  becomes a r c h i v e d ,  and i s  e x t r a c t e d  from t h e  a r c h i v e :  t h e  
d a t a  is processed and f i n a l l y  a p p l i e d  t o  uxer  models. We're t r y i n g  t o  p u t  t h e  
d a t a  i n  a c o n d i t i o n  so t h a t  when t h e  u s e r s  r e q u e s t  through t h e  s:r..tem they  can 
g e t  t h e  set  of d a t a  t h e y  want, i n  t h e  c o n d i t i o n  t h e y  r e q u i r e .  
I n  t h e  g e n e r a l  a r e a  of' p r e p r o c e s s i n g  we a r e  going t o  be d e a l i n g  w i t h  a number 
of p o t e n t i a l  t o p i c s ,  among which  i s  geometr ic  r e c t i f i c a t i o n  ( w h i c h ,  of cour se ,  
is o u r  main i n t e r e s t  here) .  The q u e s t i o n  of r a d i o m e t r i c  preprocess ing  i n  
terms of t h i s  conference  comes i n t o  p l a y  r e g a r d i n g  whether or n o t  t h e  rad io-  
metric p r o p e r t i e s  o f  t h e  d a t a  have any effect  on o u r  a b i l i t y  t o  do any o f  t h e  
geometr ic  o p e r a t i o n s  r e q u i r e d .  For i n s t a n c e  i n  t h e  e a r l i e r  Landsats ,  u n t i l  
t h e  d a t a  were p r o p e r l y  d e s t r i p e d ,  t h e  c o r r e l a t i o n s  which were done f o r  r e g i s -  
t r a t i o n  of ground control  p o i n t s  tended t o  l o c k  i n  on a s t r i p i n g  r a t h e r  th?"  
on t h e  d a t a .  For s p a t i a l  r e s o l u t i o n ,  we a r e  concerned about  f requency re- 
sponses  for i n t e r p o l a t i o n  k e r n e l s  and what e f fec t  they  may have on a p p l i c a -  
t i o n s .  For g e o r e f e r e n c i n g  and c a t a l o g i n g ,  i f  one c a n ' t  f i n d  t h e  d a t a ,  i t  
d o e s n ' t  do one much good. Ceoreferenc ing  s imply s a y s  t h a t  i f  we can r e g i s t e r  
any given set o f  d a t a  t o  a r e f e r e n c e  (1'11 c a l l  it a g r i d ) ,  t h e n ,  i m p l i c i t l y ,  
v a r i o u s  d a t a  s e t s  a r e  "more o r  less" r e g i s t e r e d  t o  each o t h e r  and p a r t  of t h a t  
more o r  less is what we want t o  t a l k  about  i n  t h i s  workshop and pane l  ses- 
s i o n s .  What we're t r y i n g  t o  d o  i s  make t h e  d a t a  c o r r e c t ,  make d a t a  se ts  corn- 
p a t i b l e  so they  can be used t o g e t h e r ,  and e v e n t u a l l y  make them a v a i l a b l e .  
which means p u t  them i n  such  a c o n d i t i o n  t h a t  wherc we c a l l  f o r  them from t h e  
a r c h i v e s ,  we g e t  can g e t  t h e  d a t a  back f a i r l y  expedic ious ly .  
Now t h e  n e t  r e s u l t :  t h e  n e t  u s e  of t h e  d a t a  i n  t h e  long  run is  e x t r a c t i o n  o f  
i n fo rma t ion .  Most or' t h e  models which a r e  now be ing  developed r e q u i r e d  d a t a  
from numerous d a t a  se ts .  One example of t h e  p o t e n t i a l  i n t e r p l a y  o f  se ts  o f  
d a t a  from v a r i o u s  s o u r c e s  i s  i l l u s t r a t d  i n  F i g u r e  2,  which i n d i c a t e s  some o f  
t h e  i n t e r p l a y s  betwezn d a t a  f o r  a p a r t i c u l a r  problem having t o  do  w i t h  weather  
q u e s t i o n s .  I d o n ' t  expec t  t o  go through t h i s  i l l u s t r a t i o n  i r  d e t a i l  except  t o  
i n d i c a t e  t h a t  there a r e  a l o t  o f  c r o s s i n g  arrows and many p a r t i c u l a r  processes 
t h a t  have t o  be modeled i n  scilving t h e  users informat ion  e x t r a c t i o n  problem. 
#Edited o r a l  p r e s e n t a t i o n .  
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T h i s  c a l l s  for d a t a  from v a r i o u s  s o u r c e s  i n  o r d e r  t o  allow m u l t i p l e  u s e r s  t o  
e x p e d i t i o u s l y  do t h e i r  problem s o l v i n g .  
Use of v a r i o u s  d a t a  sets t o g e t h e r  is one t h i n g ,  u s i n g  d a t a  sets t s g e t h e r  w i t h  
d a t a  from other s o u r c e s  such  a s  maps, or producing d a t a  i n  which t h e  r e q u i r e d  
o u t p u t  in format ion  is m a p r e l a t e d  is a n o t h e r .  What's involved b a s i c a l l y ,  is 
to  produce a d a t a  set i n  which t h e  i n d i v i u a l  d a t a  items i n  one  form of geo- 
g r a p h i c  coding a r e  i m p l i c i t l y  r e l a t e d  t o  a g i v e n  p o s i t i o n  on t h e  ground, be- 
cause  we have d e f i n e d  where t h a  etitire image m a t r i x  l i e s  on t h e  ground. Thus 
we can  c o n v e r t  l a t i t u d e  and l o n g i t u d e  i n t o  3 l i n e  and p i x e l  i n  t h e  d a t a  se t .  
I n  a d d i t i o n  t o  t h 3  q u e s t i o n  of u s i n g  d a t a  sets from v a r i o u s  s o u r c e s  t h e r e  is a 
g e n e r a l  q u e s t i o n  of being a b l e  t o  p u t  i t  i n t o  t h e  a r c h i v e s  and g e t  i t  o u t  o f  
t h e  a r c h i v e s  i n  a g e o g r a p h i c a l l y  coded s e n s e ,  so t h a t  we can begin  t o  produce 
d a t a  i n  a form t h a t  w i l l  make t h a t  whole p r o c e s s  f a l r l y  e x p e d i t i o u s .  
The requi rements  involved t h e  removal o f  d i s t o r t i o n s  and t h e n  p l a c i n g  of t h a t  
rect i f ied d a t a  i n  an a r c h i v e  A e r e  we can  r e t r i e v e  it; p l a c i n g  rectified d a t a  
on the  ground i n  a g i v e n  l o c a t i o n  is reviewed i n  Table  1. This is n o t  sup- 
posed t o  b e  a d e f i n a t i v e  l i s t ,  b u t  a l i t t l e  t a b l e  of some o f  t h e  s o u r c e s  of 
geometr ic  d i s t o r t i o n .  Many of t h e  items which a r e  inc luded  i n  t h e  table  and 
and f i g u r e s  a r e  going t o  be s u b j e c t s  o f  t h e  pane l  d i s c u s s i o n s .  What I want 
you t o  t h i n k  aboiit is t h e  f a c t  t h a t  t h e r e  are a number of c a u s e s  of d i s t o r -  
t i o n :  some of them i n  t h e  s e n s o r  i t?? '?,  some of them i n  t h e  s p a c e c r a f t  i n  
terms of  its p o i n t i n g ,  and some of them which are imp .:it i n  a remote s e n s i n g  
system !such a s  t h e  f a c t  t h n t  t h e  e a r t h  is round).  And it  may well be u s e f u l  
i n  your panel  d i s c u s s i o n s  t o  c o n s i d e r  t h e  sequence of c a u s e s  of d i s t o r t i o n s  
and d e c i d e  whether or n o t  t h a t  sequeace of c a u s e s  of d i s t o r t i o n s  g i v e s  you any 
c l u e s  a s  t o  t h e  sequence t o  remove t h e  d i s t o r t i o n s  and what might be  done i n  
t h a t  process .  Depending on which t y p e s  o f  d i s t o r t i o n s  you a r e  faced w i t h  you 
may t reat  them d i f f e r e n t l y .  Again t h e s e  t y p e s  of items and t h e i r  s p e c i f i c s  
are t h e  k i n d s  of t h i n g s  t h a t  you w i l l  be d i s c u s s i n g  i n  t h e  pane l  meetings.  
There a r e  3 series of problems involved i n  a t t e m p t i n g  t o  match one interest to  
t h e  other: I won't t r y  t o  go through t h o s e  because you have a set of q u e s t i o n s  
which h a s  been o u t l i n e d  for t h e  v a r i o u s  p a n e l s  a s  a guide  t o  th ink ing .  I do 
have F i g u r e  3, which w i l l  i n d i c a t e  t h e  t y p e  o f  problem we a r e  involved w i t h  i n  
doing t h e  c o r r e l a t i o n  of images t o  maps. Some of you may be f a m i l i a r  w i t h  
t h i s  pronesz,  and some o f  you may n o t ,  so 1'11 i n d i c a t e  i t  b r i e f l y .  We a r e  
t r y i n g  t o  f i n d  a p i e c e  o f  an image and i t 's  l o c a t i o n  w i t h  r e s p e c t  t o  a map. 
We t a k e  each p i e c e  of an image c o n t r o l  p o i n t  a r e a ,  t a k i n g  a series of those 
t h a t  a r e  scattered around t h e  f a c e  o f  a t o t a l  frame, then  t h a t  series of ties 
between l i n e  and p i x e l  and t h e  l o c a t i o n  on t h e  ground ( l a t i t u d e  and l o n g i t u d e )  
g i v e s  you t h e  d a t a  you need t o  d o  e geometr ica l  warping o f  t h e  image, so t h a t  
when you complete t h e  dewarping p r o c e s s ,  you now have an image whfch can l a y  
oil t h e  ground -- h o p e f u l l y  wi th  a l l  p i i t e l s  r e g i s t e r e d .  The essence  of t h e  
p r o c e s s  simply i s  t h a t  maps and images d o  n o t  c r o s s - c o r r e l a t e  very  n e a t l y  i n  a 
computer,  as maps and f e a t u r e s  i n  images look d i f f e r e n t .  We've g o t  a real 
problem i n  t r y i n g  t o  d e f i n e  a way t o  d o  t h a t  c o r r e l a t i o n .  The way i t  is cur-  
r e n t l y  being done is  t o  o p t i c a l l y  c o r r e l a t e ,  t h a t  is o p t i c a l l y  m i x  and over-  
l a y ,  and s h u f f l e  around u n t i l  t h e y  match, a d i g i t a l  d i s p l a y  o f  a s m a l l  p i e c e  
of image and 9 p i e c e  of a map. When t h o s e  two a r e  o p t i c a l l y  mixed ,  t hen  a 
surveyed p o i n t  on t h e  map cat1 be l o c a t e d  in t h e  sma l l  p i e c e  of v i s u a l  image by 
running a d i g i t a l  c u r s o r  around on t h e  d i s p l a y  u n t i l  it o v e r l a y s  t h e  p a r t i c u -  
l a r  ground c m t r o l  surveyed p o i n t .  The computer would know where t h e  c u r s o r  
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is i n  line and p i x e l  c c o r d i n a t e s ,  and y o u ' l l  t e l l  it i n  l a t i t u d e  and l o n g i t u d e  
where it is on t h e  map. That  g i v e s  you a t i e  between t h i s  l i t t l e  p i e c e  of i m -  
age, which i n  t h e  NASA pa r l ance  is a ground control  p o i n t  c h i p ,  and t h e  
ground. We know from t h e  geometry of t h e  g e n e r a l  s i t u a t i o n  approximate ly  
wirere th, is i n  t h e  incoming frame, so we p u l l  o u t  a l a r g e  p i e c e  of t h e  i n -  
coming frame d i g i t a l l : - ,  and we know from whence we got it. Now H e  have two 
images. Those can  be  c ros s -co r re l a t ed  i n  a computer more or  less a c c u r a t e l y ,  
and since we know t h e  p o s i t i o n  of  t h e  surveyed benchmark i n  t h e  l i t t l e  p i e c e  
of image, we can de termine  through cross-correlation t h e  p o s i t i o n  of each lit- 
t l e  p i e c e  w i t h i n  t h e  l a r g e  incoming image t o  t i e  t h e  l a r g e  incoming image's 
l ine  and p ixe l  w i t h  l a t i t u d e  and l o n g i t u d e .  We have t h e  t r a n s f e r  d a t a  now t o  
t a k e  t h a t  in to  t h e  t o t a l  frame domain, t i e  i n d i v i d u a l  ground c o n t r o l  p o i n t s  t o  
t h e  ground, and develop  t h e  e q u a t i o n s  needed for t h e  e n t i r e  image. Tha t ' s  t h e  
kind of p rocess  we' c u r r e n t l y  go through.  It r e q u i r e s  b u i l d i n g  a l i b r a r y  of 
ground control p o i n t s  ahead of time, so when t h e  incoming frames come we can  
d o  t h i s  c r o s s - c o r r e l a t i o n  e x p e d i t i o u s l y  on t h e  way through t h e  system, two- 
hundred frames a day. Anything t h a t  people  can t h i n k  of d u r i n g  t h e  workshop 
to  improve t h e  p rocess  w i l l  be apprec i a t ed .  
The p r o c e s s  t h a t  I desc r ibed  for  ground c o n t r o l  p o i n t s  r e q u i r e s  t h a t  t h a t  par-  
t i c u l a r  c o n t r o l  p o i n t  be known i n  x ,  y ,  and z a l t i t u d e ,  and t h e  b a s i c  dewarp- 
i n g  is normally a p rocess  of f i t t i n g  a b e s t - f i t  platre through t h a t  set  of 
ground c o n t r o l  p o i n t s .  T h a t ' s  f i n e ,  b u t ,  as you know, i n  h i l l y  coun t ry  t h e r e  
a r e  i n t e r m e d i a t e  p o i n t s  i n  t h e  image, which may o r  may n o t  b e  on t h a t  same 
plane.  If you have h i l l s  or v a l l e y s  i n  between, t h e y  a r e  going t o  be  d i s -  
p laced  by a d i s t a n c e  which is a func t ion  of t h e  a n g l e  from which you a re  view- 
i n g  t h o s e  p a r t i c u l a r  p o i n t s ,  i .e . ,  t h e  re l ief  d isp lacement  q u e s t i o n .  I worked 
up a l i t t l e  graph ( F i g u r e  4) which shows t h a t  relief d isp lacement  is  l a r g e r  
than  you l i k e  t o  b e l i e v e  when you are d e a l i n g  wi th  p i x e l s  of t h e  Thematic Map- 
p e r  s ize .  I n  p a r t i c u l a r ,  a l t hough  a r e p e a t  v i s i t  ove r  a g iven  a r e a  on t h e  
ground is in tended  t o  b e  a new image from p r e c i s e l y  t h e  same p o i n t ,  i n  prac- 
t i c e  t h a t  would n o t  be t r u e .  It  w i l l  be  from some o t h e r  p o i n t  nesrby.  And 
t h e  ques t ion  i s  how bad does  t h a t  s l i g h t  d i sp lacement  d i s p l a c e  p i e c e s  of  t h e  
image which a r e  n o t  on t h e  same b e s t  f i t  p lane .  Well, h e r e  is t h e  riet r e s u l t  
when you s c a l e  t h e  Thematic Mapper p i x e l s .  I t  s a y s ,  t h a t  wi th  a s u r p r i s i n g l y  
s m a l l  d i f f e r e n c e  i n  e l e v a t i o n  between a g iven  loca l  p o i n t  and t h e  b e s t  f i t  
p l a n e ,  wi th  a s u r p r i s i n g l y  s m a l l  s e p a r a t i o n  of t h e  two vantage  p o i n t s  (and re- 
membering t h a t  t h e  s c a t t e r  of r e p e a t  v i s i t s  on a g iven  p o i n t  is i n  t h e  neigh-  
borhood of 5-10 krn), t h e r e  i s  a f a i r l y  l a r g e  d isp lacement  p o t e n t i a l l y  of pix- 
e l s  which a r e  not  on t h a t  o r i g i n a l  p lane .  Even though you ha-e a good f i t  t o  
normal c o n t r o l  p o i n t s ,  you may or may n o t  have some o t h e r  problems i n  a r e a s  of 
high re l ief .  In  p a r t i c u l a r  wi th  Landsat ,  t h e  o v e r l a p  a r e a  from s i d e  t o  s i d e  
is a 170-km l i n e  of d isp lacement  between t h e  wings of  pa raove r l ap  images from 
a d j a c e n t  t r a c k s .  We a r e  going t o  ge t  a f a i r  amount of d isp lacement  d i s t o r t i o n  
due  t o  e l e v a t i o n  a l o n e .  
While t h e r e  a r e  a number of  o t h e r  items which we could t a l k  a b o u t ,  I t h i n k  
t h a t  is  enough t o  g i v e  you t h e  f l a v o r  of t h e  k i n d s  of problems t h a t  we see 
coming up: p o t e n t i a l  a r e a s  o f  d i s t o r t i o n ,  p o t e n t i a l  a r e a s  o f  l a c k  of r c g i s -  
t r a t i o n  of t h e  :mages t o  the ground. There a r e  a number of s p e c i f i c  q u e s t i o n s  
which nave been o u t l i n e d  f o r  t h e  va r ious  i n d i v i d u a l  p a n e l s  and you w i l l  g e t  
your c rack  a t  t h i n k i n g  about  t h e s e  and some of t h e  o t h e r  t o p i c s  a s  you g e t  i n -  
t o  t h e  panel  d i scuss ion .  
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3. O PANEL RECOMMENDATIONS AND SUPPORTING DISCUSSION 
3.1 CfARCE TO THE PANELS 
For each  panel ,  t h e  s i x  fo l lowing  items were reques ted .  Appendix 9.4 p rov ides  
a complete  l i s t i n g  of materials provided t o  i n i t i a t e  p a n e l  d i s c u s s i o n s .  Each 
panel  was able t o  respond t o  most, if n o t  a l l ,  of t h e  r e q u e s t s .  
a. Develop a p o s i t i o n  s t a t e m e n t  on the  s t a t e  of t h e  a r t  for those ele- 
ments i n  applications' techn.*.ques of concern t o  t h i s  subpanel  for  t h e  
regisSration/rectification of imaging s e n s o r  data .  Use t h e  paper  pre- 
s e n t e d  as a p o i n t  of d e p a r t u r e ,  adding new e lements  neglec ted  and d e l e t -  
i n g  e lements  of l i t t l e  concern t o  NASA and t h e  u s e r  community. 
b. Develop a p o s i t i o n  s t a t emen t  on a n t i c i p a t e d  requi rements  for those 
e lements  in a p p l i c a t i o n s '  t echn iques  of concern t o  t h i s  subpanel  for t h e  
reglstration/rectificatioG of imaging s e n s o r  d a t a .  Use t h e  paper  pre- 
s e n t e d  as  a p o i n t  of i i e p a r t a r e ,  adding new e lements  neg lec t ed  and delet- 
i n g  e lements  of l i t t l e  concern t o  NASA and t h e  u s e r  community. 
c. O u t l i n e  the  c u r r e n t  s t a t u s  of t h e  technology w l t h i n  NASA. L i s t  t h e  
c e n t e r s  of e x p e r t i s e  ( f i e l d  c e n t e r  groups  and u n i v e r s i t y / i n d u s t r y  suppor t  
groups 1. 
d .  Propose experiments  t h a t  shotild be conducted t o  test  document areas 
of concern t o  t h i s  panel  i n  technique  a p p l i c a t i o n s .  T h i s  should i n c l u d e  
s y n t h e t i c  and s t anda rd ized  d a t a  sets. 
e. Discuss  t h e  f e a s i b i l i t y  Gf provid ing  tested so f tware  systems pack- 
ages t o  implement s t anda rd  procedures  p r e s e n t l y  developed. Recommend 
cand ida te  systems for t h e  " r e g i s t r a t i o n  processors" survey .  
f .  I d e n t i f y  r e sea rch  t a s k s  that ,  t h e  Fubyanel fee' should be  pursued 
t o  tmhance near- and medium-range c a p a b i l i t . i e s .  Rec inmend l e v e l s  of ef-  
f o r t  (manyears. do l l a r s )  and t a s k  d u r a t i m .  P r i o r i t i z e  t h e  r e s e a r c h  
t a s k s .  
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3.2 REPORT OF SUBPANEL ON IMAGE SHARPNESS 
The image sha rpness  subpanel  met for  a four-hour period on krwember 18 and 
again for f o u r  hour s  on November 19 t o  d e f i n e  r e s e a r c h  needs  it: t h i s  subject 
area for e a r t h  r e s o u r c e  o b s e r v a t i o n  systems. The panel  c o n s i s t e d  of: 
Bob Barker 
B i l l  S h e l l e y  
B i l l  Alford 
Orback Zvi 
Marvin Maxwell 
Arch Park 
Jack  Engel 
Demetrios Poros 
Joseph Kundholm 
P e t e r  Hyde 
S t .  Regis Paper Co. 
St. Regis Paper Co. 
NASA/Goddard 
Honeywell E.O.O. 
NASA/SSFC, Code 920 
G.E. Lanham, Md. 
Santa Barbara Cesch. Ctr. 
G.E. Lanham, Md. 
NASA/CSFC 
Un. cf Md. Cmptr.Sci.Ctr. 
The format for t h e  subpanel  g iven  a s  a s t a r t i n g  p o i n t  was fol lowed i n  t h e  j n i -  
tis1 discuss ions ,  b u t  a s  time was short, it was dec ided  t o  f o c u s  on t h e  t a s k  
d e s c r i p t i o n s  and t h e  expected costs. The r equ i r ed  items are  inc luded  h e r e  t o  
t h e  e x t e n t  they  were d i scussed  and f u r t h e r  in format ion  is t o  be added la te r .  
3.2.1 D e f i n i t i o n s  
I n i t i a l  d i scuss ion  cons idered  t h e  d e f i n i t i o n s  of t h e  v a r i o u s  f u n c t i o n s  and 
parameters  d e f i n i n g  t h e  sensor scene  viewing process .  Confl ic ;  wi th  e x i s t i n g  
d e f i n i t i o n s  occurred throughout  and no consensus could  b e  reached i n  t h e  s h o r t  
time wi thout  adeqdate  r e f e r e n c e s .  The panel  adopted t h e  convent ions  t h a t  a r e  
desc r ibed  and used i n  NASA SF-335, Advanced Scanners  and Imaging Systems For 
Ear th  Observa t ions .  S p e c i a l  reference i s  made t o  t h e  s e c t i o n  e n t i t l e d  nReso- 
l u t i o n  Improvement Cons idera t ions"  on pages 89 through lC3 and on t h e  s e c t i o n  
e n t i t l e d  " D e f i n i t i o n s  P e r t a i n i n g  t o  Resolu t ion  and Sample Data" on pages 105 
through IUS.  
PSF - P o i n t  Spread F u n c t i m :  b l u r  due  t o  o p t i c a l  element? i n  system 
IFOV - Ins t an taneous  F i e l d  of View: a p e r t u r e  width i n  scanner  s e n s o r  system 
EIFOV - E f f e c t i v e  Ins t an taneous  F i e l d  of V i e w :  composite b l u r  func t ion  a f t e r  
f i l t e r  e f f ec t s ,  PSF, end IFCV have  bPsn combined. 
These a r e  r e a l l y  working d e f i n i t i o n s  t o  a l low panel  members t; s e p a r a t e  t h e  
b l c r  c m p o n e n t s  o f  t h e  s e n s o r .  They a r e  no t  t o  b e  widely a p p l i e d .  F igu re  1 
d e p i c t s  t h e s e  s t e p s .  It was n a t u r a l  t o  have t h e  t h i n k i n g  f o c u s  on rnultispec- 
t r a l  scanners and n o t  on  a l l  t h e  s e n s o r s  which a re  of  i n t e r e s t .  These o t h e r  
s e n s o r s  i n c l u d e :  I l n q i n g  S y n t h e t i c  Aperture  Radar (SAR) , Separa t e  Thermal IR 
Images ( H C M M )  , M u l t i s p e c t r a l  Linear  Array ( M L A ) .  ?he MLA c o n t a i n s  unique 
c h a r a c t e r i s t i c s  which set  i t  a p a r t  fran t h e  scanning o p t i c s  of  TM m d  MSS, so  
i t  is  c a l l e d  o u t  se:aratciy.  
3.2.2 S t a t e  o f  Knowledge 
The parameters  d e f i n i n g  t h e  s t a t e  
not  q u a n t i f i e d .  It was g e n e r a l l y  
of t h e  a r t  i n  sha rpness  were d i scussed  b u t  
assumed t h a t  TM was t h e  s t a t e  of t h e  a r t  i n  
2 2  
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m u l t i s p e c t r a l  s c a n n e r s  and the  d i g i t a l l y  processed SAR was s t a t e  of t h e  a r t  i n  
r ada r .  Order of magnitude numbers are inc luded  i n  some cases. 
Sensor:  Atmospheric B l u r I S c a t t e r  Funct ion 
O p t i c a l  PSF 
Scanner Aperture 30 
F i l t e r  C h a r a c t e r i s t i c s  
Sample Rate 30 m 
C k a n t i z a t i o n  8 b i t s  
Effects of Resampling on Sharpness  
Sharpening F i l t e r s  
Sharpness Effects on Classification 
Atmospheric Connection 
Ground Processing:  
c u b i c  convolu t ion  
Much work done b u t  not used 
a few s t u d i e s  
A few u s e r s  do ing  
3.2.3 Requirements 
Discussion i n i t i a l l y  focused on whether s h a r p n e s s  was to  oe cons idered  from 
t h e  st.andpoint o n l y  of r e g i s t r a t i o n  or of impacts on c l a c s i f i c a t i o n  as well a s  
r e g i s t r a t i o n .  It was dec ided  t h a t  unusual  sampling rates would be needed i n  
t h e  f u t u r e  t o  e n a b l e  improved sharpening  of imag%s through deconvolut ion.  
P r e s e n t  sampling r a t e s  a r e  too low t o  a l low mucb improvement. Severe n o i s e  
effects  ar ise  even when moderate improvement is at tempted.  Requirements were 
ci ted for sharpening  i n  t h e  c o n t e x t  of f o r e s t r y  a p p l i c a t i o n s :  a )  r e s o l u t i o n  of 
mixed (edge) p i x e l  problem (improved classificatioti  p r e c i s i o n ,  reliable change 
detect ion r e s u l t s ,  more p r e c i s e  areal estimates); b:. improved r e c t i f i c a t i o n  
(improved d e f i n i t i o n  of manually l o c a t e d  CCP l o c a t i o n s ,  v e t - i f i c a t i o n  of carto- 
g r a p h i c s ) .  
3.2.4 Recommended Research Tasks 
Seve ra l  key r e s e a r c n  t a s k s  were proposed and are l i s t e d  here: 
1. Study o f  R e l a t i o n s h i p s  o f  IOVF or Performance of Matching: Unenhanced, 
raw d a t a  is being used for  t e a p l a t e  ma+,ching i n  major image g e o c o r r e c t i o n  s y s -  
tems (e .g . ,  MDP). Sharpening process,os appear  t o  produce more v i s u a l  d e t a i l .  
This apparent  sharpness  could redude p o s i t i o n  errors fn template matching. 
Various sharpening  techniques  should be a p p l i e d  t o  j a a g e s  b e f o r e  matching, 
Since n o n l i n e a r  processes a r e  used f o r  w t c h i n g ,  l i n e a r  a n a l y s i s  cannot  
be used. Performance should be measured by e x p e r i m w t s  w i t h  r e a l  d a t a .  
11. Conduct a s t u d y  t o  de termine  t h e  l*optimun,ct shape f o r  t h e  E f f e c t i v e  In- 
s t r n t a n e o u s  F i e l d  of View (EIFOV) and t h e  samy,ling l z t t i c e  t o  a l low t h e  gener-  
a t i o n  of an Output I "OV (OEIFOV) j n  t h e  sharpening  o r  resampling o p e r a t i o n  
which is "optimized" f o r  v a r i o u s  a p p l i c a t i m s  such  a s  photomap g e n e r a t o r ,  mul- 
t i t e m p o r a l  m u l t i s p e c t r a l  c l a s s i f i c a ' , i o n ,  etc.  In  t h e  s t u d y  t h e  v a r i a t i o n s  i n  
EIFCV shape,  s i z e ,  and sample s p a c i n g  I n  x ana w i l l  be cons t rued  t o  k e e p  t h e  
system cost  approximately c o n s t a n t  by keeping t h e  number of d e t e c t o r s  o r  t h e  
d a t a  r a t e  c o n s t a n t .  
111. O p t i c a l  P r a f i l t e r t i n g :  %e proposed t o  research t h e  advantage of an op- 
t i c a l  f i l t e r ,  t o  f i l t e r  t h e  image d a t a  before I t  r e a c h e s  t h e  " d e t e c t o r  a r r a y . "  
It  seems t h a t  fa r  a system l i k e  MLA, where t h e  image d a t a  i s  sampled by a d i s -  
t i n c t  detector  a r ray ,  an a n t i a l i a s i c g  o p t i c a l  low-pass f i l t e r  can be very 
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h e l p f u l .  In fact ,  an antialiasing f i l t e r  f o r  s u c h  a system can a be an op- 
t i c a l  f i l t e r .  It a l s o  secms t h a t  such an o p t i c a l  low-pass f i l t e r  may be more 
e a s i l y  achieved than  time-domain e l e c t r o n i c  low-pass f i l ters .  Therefore  we 
recommend t h a t  a r e s e a r c h  be e s t ab l i t hec i  t o  evaluate the needs and t h e  prac- 
t ical  f e a s i b i l i t y  o f  an o p t i c a l  low-pass f i l t e r  f o r  an image-sampling-type 
cane ra  i n  o r d e r  t o  avoid aliasing. 
The sampling theo ry  s t a t e s  t h a t  i n  a samplina-type system, a p r e f i l t e r  is re- 
qui red  t o  avoid aliasing. 
6 
2 
-
1.a.  Or ig ina l  s i g n a l  
dt 
2 
7
1.b. The s i g n a l  a f t e r  i d e a l  
low-pass f i l ter  of f s / 2  
ds 
2 
- dt 
2 
-
2.a.  Or ig ina l  s t g n a l  
a f t e r  sampling and 
r e c o n s t r u c t i o n  
( a n  = a l i a s ing  no i se )  
2.b. FIltered s i g n a l  a f t e r  
sampling and r e c o n s t - w  t i o n  
As i t  is desc r ibed  by Figureb l a ,  l b ,  2a, and 2 b ,  t h e  sampl ing  theory  s t a t e s  
t h a t  i f  t h e  sampling r a t e  is fs.  t h e  ou tpu t  has  no frequency c o n t e n t  above 
f s / 2 ,  or t h e  i n p u t  w i l l  appear as aliasin,: no i se  a t  t h e  o u t p u t .  Sampling sys -  
tems i n  t h e  time domain  3re v e r y  common today. I n  p r a c t i c e ,  a p r o j e c t  time- 
type low-pass f i l t e r  cannot  be achieved ,  and so a l o t  o f  systems use oversam- 
p l ing  to  avoid aliasing no i se .  7he new gene ra t ion  o f  grGUnd obse rva t ion  
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imaging d e v i c e s  l i k e  HLA u s e  a d e t e c t o r  a r r a y  approach. Such a sys tem is i m -  
age sampling and obeys t h e  sampling t h e o r y .  As such ,  any  s p a t i a l  f r e q u e n c i e s  
greater t h a n  t h e  half-sampling f requency  w i l l  appear  a t  t h e  d e t e c t o r  o u t p u t  a s  
an a l a i s i n g  noise .  A t  t h a t  p o i n t  t h e  removing of t h e  n o i s e  from t h e  real  i m -  
age is h a r d l y  possible. It  t h e n  seems t h a t  t h e  image d a t a  should  be f i l t e red  
b e f o r e  it is sampll.d by t h e  d e t e c t o r  a r r a y .  Such a f i l t e r  cou ld  o n l y  be  o p t i -  
cal. It a l so  seems t h a t  a s p a t i a l  op t i ca l  low-pass f i l t e r  can  bc , t e r  a c h i e v e  
t h e  ideal performance s i n c e  t h e  whole da ta  e x i s t s  i n s t a n t a n e o u s l y  a s  opposed 
t o  time t y p e  of f i l t e r i n g .  When t h e  s i g n a l  from t = - 00 t o  t = + 00 cannot  
be a v a i l a b l e  t o  t h e  f i l t e r ,  t h e  o p t i c a l  f i l t e r  t h e n  should  b e  p a r t  of  t h e  op- 
t i c a l  subsystem used t o  b r i n g  t h e  image da t a  t o  t h e  d e t e c t o r  ar;ay. A re- 
s e a r c h  should  be e s t a b l i s h e d  t o  e v a l u a t e  what kind of b e n e f i t  would come o u t  
of an o p t i c a l  f i l t e r  i n  f r o n t  of t h e  d e t e c t o r  a r r a y  imaging d e v i c e s .  The per- 
formance of a low-pass o p t i c a l  f i l t e r  should  be s t u d i e d .  The problem of d i f -  
fererit o p t i c a l  bands should a l s o  be cons idered .  The f i n a l  r e s u l t  of such re- 
search s h o s l d  be  t h e  requi rements  for a low-pass o p t i c a l  f i l t e r  for a s p e c i f i c  
detector a r r a y ,  and whether or n o t  such  f i l t e r  is cos t  e f f e c t i v e  a t  a l l .  
I V .  U t i l i z a t i o n  of DOD C a p a b i l i t i e s  by NASA 
An e f f o r t  should  be made t o  e s t a b l i s h  t h e  s t a t e  of  t h e  a r t  on  t h e  c a p a b i l i t y  
of t h e  Departzmt of Defense and t h e  i n t e l l i g e n c e  community t o  produce image 
p rocesso r s  for. sharpening  ( a l s o  resampl ing  and f e a t u r e  e x t r a c t i o n ) ,  t o  es tab-  
l i s h  i f  +.he!r t echn iques  cou ld  b e  u s e f u l  t o  c i v i l i a n  a p p l i c a t i o n s .  E f fo r t s  
could t h e n  be made t o  'nwe t h i s  i n fo rma t ion  dec lass i fed  and made. a v a i l a b l e  
through p u b l i c a t i o n  i n  t h e  open l i t e r a t u r e .  
V. I n v e s t i g a t i o n  of Effects of D i f f r a c t i o n  
Appropr ia te  compensation !sharpening)  t echn iques  need t be  developed fo r  u s e  
on d a t a  I t 1  which t h e  daTl ran ,  c a s s e  of t h e  image b l u r  is d 2 f r a c t i o n .  Advanced 
Thermal IR MLA s e n s o r s  arid p a s s i v e  microwave s e n s o r s  w i l l  be  "Defrac tor  
Limi ted ."  Study should  be conducted t o  e s t ab l i sh  t h e  technique  t h a t  would be 
used and the performance improvement t o  be expected a s  a f u n c t i o n  of t h e  scene  
c h a r a c t e r i s t i c s .  
V I .  SAR Image Sharpening 
Research a c t i v i t y  i n  suppor t  of s y n t h e t i c  a p e r t u r e  r a d a r  (SARI m u s t  h e  i d e n t i -  
f l e d ,  b u t  there was rio member of t h e  pane l  w i t h  real  expe r i ence  i n  SA? prc-  
cesses or i n t e r p r e t a t i o n .  Theso t a s k s  should  be addressed l a t e r  w i t h  appro- 
p r i a t e  people  provid ing  t h e  needed i n p u t s .  
'h 
3.3 REPORT OF SIJBPANEL 
The f e a t u r e  e x t r a c t i o n  
ON FEATURE EXTRACTION* 
panel met dur ing  two s e s s i o n s  t o  d e f i n e  r e s e a r c h  needs 
i n  t h i s  s u b j e c t  area f o r  e a r t h  resource obse rva t ion  systems. 
s i s t e d  o f :  
Ihe panel  con- 
Mr. Doug Car t e r  
USGS 
Mr. Michael Rassbach 
Elogic ,  Inc. 
Dr. Thomas Lynch 
NASA/GSFC 
Ms. Ruth Whitman 
OR I 
Mr. R. Kent Lennington 
LoeMeed 
Elr. John T. Dalton 
NA SA/GSFC 
Dr. Ray Wall 
JPL 
Dr. Robert Hara l ick  
V i  r g i n  i a Pol y t  ec  hn i c  Ins t i tu te  
3.3.1 S t a t e  o f  Knowledge 
Thare a r e  t h r e e  i s s u e s  i n  t h e  subpixe l  f e a t u r e  e s t ima t ion  problem: 1)  t h e  
i d e n t i f i c a t i o n  o f  image models which adequate ly  d e s c r i b e  t h e  d a t a  and t h e  sen- 
sor  it is us ing ,  2) t h e  c o n s t r u c t i o n  o f  l o c a l  f ea t ? r r e  models based on those  
image models, and 3 )  t h e  important  problem o f  t r y i n g  t o  unde r s t and  these e f -  
f e c t s  o f  preprocesing on t h e  e n t i r e  process .  We i d e n t i f i e d  two c l a s s e s  o f  i m -  
age models f o r  subp ixe l  f e a t u r e  e s t ima t ion  which we thought  were worthwhile 
pursuing.  We d o n ' t  want t o  g i v e  t h e  impression we thought  t h a t  t h o s e  were t h e  
only  t w o ,  but  i n  terms of  both what we heard from Bob Hara l ick  and t h e  experi- 
ence o f  t h e  people  on t h e  pane l ,  we f i r s t  d i s t i n g u i s h e d  techniques  based on 
s u r f a c e  f i t t i n g  which have underlying assumptions about c o n t i n u i t y  and de fe r -  
e n t i a b i l i t y  o f  t h e  i n t e n s i t y  s u r f a c e ;  t h e s e  people  tend t9 do t h e i r  a n a l y s i s  
on a pixel-by-pixel b a s i s ,  without  any d i r e c t  concern f o r  t h e  o v e r a l l  o rgani -  
z a t i o n  o f  f e a t u r e s  o f  edges and lines t o  form long s t r a i g h t  l i n e s  w i t h  smooth 
cu rves  i n  t h e  p i c t u r e .  This was opposed t o  what might be c a l l e d  s t r u c t u r a l  
models , which e s s e n t i a l l y  accommodate geometr ica l  models which d e s c r i b e  t h e  
shape,  s i z e ,  and arrangement o f  p i eces  i n  a p i c t u r e ,  and s t a t i s t i c a l  models,  
which t e l l  you about t h e  ways i n  which they a r e  co lo red .  These second types  
have been d i s t i n g u i s h e d  from s u r f a c e  f i t t i n g  models i n  terms of  computat ions 
by t h e  f a c t  t h a t  t h e  f e a t u r e  d e t e c t i o n  is done more on t h e  b a s i s  of  ana lyz ing  
l o c a l  neighborhoods t o  t ake  advantage o f  t h e  informat ion  i n  t he  geometr ic  mo- 
d e l .  For example, assume t h a t  a p i c t u r e  is piecewise c o n s t a n t  upon t h e  edges 
between piecewise c o n s t a n t  r e g i o n s  t o  b e t t e r  than a p i r e l .  That d o e s n ' t  pre- 
c lude  c a n b i n a t i o n s  o f  t h e s e  approaches or o t h e r s ,  b u t  we c e r t a i n l y  t h i n k  i t ' s  
important  t h a t  people  pay s e r i o u s  a t t e n t i o n  t o  t h i s  problem o f  being very spe- 
c i f i c  about e x a c t l y  what models t hey  a r e  using t o  d e s c r i b e  t h e  images and ex- 
a c t l y  what t h e  l o c a l  f e a t u r e  models a r e  t h a t  they a r e  u s i n g  to  e s t i m a t e  t h e  
l o c a t i o n  o f  these l o c a l  f e a t u r e s .  
Another t o p i c  which we f e l t  d e s e r v e s  some a t t e n t i o n  h e r e ,  is i n t e g r a t i o n  o f  
t hese  f e a t u r e s  i n t o  high-level  d e s c r i p t i o n s  o f  con ten t  i n  t he  image. ,Some ex- 
amples, i n  ca se  people  a r e n ' t  s u r e  what we were t a l k i n g  about ,  i n c l u d e  l i n e ,  
cu rve ,  and i n t e r s e c t i o n  d e t e c t i o n ,  shape d e t e c t i o n  f o r  s p e c i f i c  c l a s s e s  o f  
~~ ~ 
*Ed I ted o r a l  p r e s e n t a t i o n .  
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shape t h a t  might be impor t sn t ,  d e r i v i n g  informat ion  about  t h e  topology o f  
a r e a s  i n  t h e  p i c t u r e ,  and more g e n e r a l l y ,  segmentat ion t echn iques  based upon 
c o n s t r u c t i o n  o f  l o c a l  f e a t u r e s .  It is impor tan t  t o  n o t e  t h a t  t h e  a n a l y s i s  o f  
t h e  e f f e c t  o f  p rep rocess ing  on t h e s e  l o c a l  f e a t u r e  e s t i m a t i o n  t e shn iques  is 
going t o  vary from s e n s o r  t o  senso r .  
The development o f  ground c o n t r o l  p o i n t  l ib rar ies  f o r  automated s e l e c t i o n  pre-  
sents two concerns.  One is t h e  o r g a n i z a t i o n  of  t h e s e  CCP l i b r a r i e s  f o r  rcct i -  
f i c a t i o n  pr3blerns. i .e. t h e  problems o f  au tomat i ca l ly  s e l e c t i n g  by complltc* 
t h e  s p e c i f i c  CCP'.s f o r  p a r t i c u l a r  r e g i s t r a t i o n  t a sks .  O f  concern a r e  t h e  
types  o f  t h i n g s  t h a t  have t o  be conta ined  i n  t h e  d e s c r i p t i o n  o f  any one o f  
t h e s e  p a t t e r n s ,  because re  were looking  f o r  more gene ra l  r e p r e s e n t a t i o n s  t h a t  
you can f i n d  i n  p i c t u r e s  b e s i d e s  j u s t  a range of s p e c t r a l  inFcrmation say  de- 
r i v e d  from a p a r t i c u l a r  s enso r  i n  a p a r t i c u l a r  time t o  r e p r e s e n t  t h a t  p a t t e r n  
f o r  matching f o r  a l l  o t h e r  times. Second is t h e  importance o f  i n t e g r a t i n g  
ground c o n t r o l  p a t t e r n s  i n  a d a t a  base  management system, so t h a t  you can i n -  
t e r f a c e  t o  a l a r g e  number o f  s enso r  image t y p e s  w i t h  an au tomat ic  s e l e c t i o n  
system. 
In  terms o f  problems o f  o p e r a t i o n a l  and exper imenta l  v a l i d a t i o n ,  t h e  issues 
i n c l u d e  choosing a p p r o p r i a t e  s imula ted  and real-image and a n c i l l a r y  d a t a ,  arxi 
being a b l e  t o  e s t a b l i s h  v a l i d a t i o n  c r i t e r i a ,  t o  compare d i f f e r e n t  techniques .  
3.3.2 Recommended Research Tasks 
We s p e n t  much o f  ou r  time t r y i n g  t o  e s t a b l i s h  a s e t  o f  p r i o r i t i e s  i n  each one 
of  these a r e a s .  F igQres  1 and 2 summarize our  conclus ions .  I n  t h e  l o c a l  fea-  
t u re  d e t e c t i o n  a r e a  we f e l t  t h a t  p r i o r i t i e s  should l i e  wi th  t h e  c o n s t r u c t i o n ,  
des ign ,  and development o f  image and f e a t u r e  moflels. A second p r i o r i t y  ought  
t o  be t h e  a c t u a l  da t a - se t  s e l e c t i o n  and t h e  des ign  o f  o p e r a t i o n a l  v a l i d a t i o n  
techniques .  A t h i r d  should be i n v e s t i g a t i o n  o f  these f e a t w e  i n t e g r a t i o n  mech- 
anisms aga in ;  t h a t  i s ,  comp~ite more s t r u c t u r a l  d e s c r i p t i o n  o f  image p a t t e r n s  * 
and pu t  t o g e t h e r  t h e  resul ts  o f  these l c c a l  ana lyses .  Then f o u r t h ,  t h e  e f -  
fects  o f  preprocess ing  on f e a t u r e  d e t e c t i o n  should  be cons idered .  
The o t h e r  major t o p i c  was ground c o n t r o l  p o i n t  l i b r a r y  p r i o r i t i e s .  Here, we 
f e l t  t h a t  t h e  f i r s t  t h i n g  t h a t  needs t o  be looked a t  i s  what t h e  c o n t e n t  would 
be of s u c h  a l i b r a r y .  Would i t  be  an e x t e n d e d  ve r s ion  of wha t ' s  planned t o  be 
made a v a i l a b l e  now, i n  terms o f  inc lud ing  s t anda rd  types  o f  c h i p s  you have 
now, o r  t h i n g s  l i k e  cha in  codes  o f  shapes ,  in format ion  about  texture and spec- 
t r a l  con ten t?  A second e f f o r t  should be c r e a t i n g  an au tomat ic  s e l e c t i o n  s y s -  
tem f o r  a s i n g l e  senso r  (based around a d a t a  base management sys tem,  f e s s i h i l -  
i t y  s tudy  i n  t h a t  a r e a ? .  A t h i r d  p o s s i b i l i t v  is dynamic ground c o n t r o l  pa t -  
tern l i b r a r i e s ;  t h e  i d e a  here be ing  t h a t  as you use c h i p s  ove r  and over  aga in ,  
you begin t o  c o l l e c t  in format ion  abaut  no t  on ly  t h e  r e l i a b i l i t y  o f  p a r t i c u l a r  
Faints f o r  r e c t i f i c a t i o n ,  b u t  a l s o  informat ion  on t h e  what p a t t e r n s  would be  
de r ived  from map informat ion  only .  T ~ I J S ,  when you s t a r t  looking  a t  d i f f e r e n t  
t ypes  o f  s e n s o r s ,  and t r y  t o  use these p a t t e r n s  t o  r e c t i f y ,  you can c o l l e c t  
in format ion  about  t h e  a c t u a l  s p e c t r a l  p r o p e r t i e s  on t h e  ground f o r  t h a t  t ype  
of s enso r .  Furthermore,  you can i n t e g r a t e  t h a t  i n t o  t h e  d e f i n i t i o n  o f  t h a t  
c h i p  and use i t  f o r  subsequent  s e l e c t i o n t Q .  Then a f o u r t h  p r i o r i t y ,  a much 
longer  range t a s k ,  is  t o  look a t  t h e  f e a s i b j l i t y  of  mul t i s enso r  systems t h a t  
have a much l a r g e r  d a t a  base.  Here we have t o  r e a l l y  f a c e  up  t o  t h e  problem 
28 
of whether o r  not  you  r e a l l y  can e f f e c t i v e l y  c o n s t r u c t  p a t t e r n s  which  can be 
,.sed a c r o s s  senso r s .  
I n  F igure  3 we t r i e d  t o  show cour se  approximations t o  times t h a t  should be a l -  
l oca t ed  t o  t h e s e  t a s k s  and their  o rde r ing  i n  time; i.e., which one can over-  
l a p ,  and which n e c e s s a r i l y  proceed o t h e r s  f o r  l o g i c a l  or c o s t  reasons .  
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3.4  REPORT OF THE SUBPANEL ON INTER-Ib. HATCHING 
The inter-image matching p a n e l  met for two s e s s i o n s  t o  d e f i n e  r e s e a r c h  needs 
i n  t h i s  s u b j e c t  area for e a r t h  r e s o u r c e  
sisted of: 
H r .  H. K. Ramapriyan 
NASA/GSi;C 
Mr. R. Bryan Erb 
JSC 
Ms. June Thormodsgard 
USGS 
Mr. J e r r y  M. C a n t r i l  
Computer Sciences-Technicolor  Associates 
Mr. F r e d e r i c k  W. McCaleb 
NAS A/GSFC 
o b s e r v a t i o n  systems.  The p a n e l  con- 
Mr. Donald Brandshaf t  
S a n t a  Barbara Research Center  
Mr. Paul F. Maynard 
E a r t h  Sa t e l l i t e  Corporat ion 
Mr. Terry  S i l v e r b e r g  
u of MD 
Hr. Richard Signan 
Department of A g r i c u l t u r e  
Professor iaveaii Keiial 
u of m 
Mr. George Aus t in  
Loc kh eed 
The survey  paper  prepared by R. Wolfe and F?. Juday provided a good overview of 
t h e  s t a t e  of t h e  a r t  and requirements .  The pane l  c o n c e n t r a t e d  upon developing  
t h e  d e s i g c  of and r a t i o n a l e  for r e s e a r c h  effor ts  i n  this a r e a .  
3.4.1 Recommended Research 
Six research a r e a s  were i d e n t i f i e d  by t h e  pane l  and a r e  d e s c r i b e d  below: 
I. Cor re1 a t  i on Cons id er a t i on s 
The i s s u e s  t o  be addressed under t h i s  t o p i c  a r e  those r e l a t i n g  to  matching 
s m a l l  s e c t i o n s  of images (or  informat ion  d e r i v e d  from images) t o  other images 
(or map-derived informat jon)  . We recommznd c o n s i d e r i n g  the  f c l l o w i n g  topics:  
a )  t y p e s  of c o r r e l a t i o n  a l g o r i t h m s ,  b )  preprocess ing  t e c h n i q u e s ,  c )  limits on 
subpixed accuracy,  d )  rel ief and atmospheric  r e f r a c t i c n  e f foc t s ,  
e)  e v a l u a t i o n  of s u c c e s s  r a t e ,  f )  ? v a l u a t i o n  of accuracy.  
We are aware o f  v a r i o u s  matching and preprocess ing  techniques  a s  i n d i c a t e d  i n  
t h e  survey  paper .  However, a s t u d y  is still needed t o  compare these from t h e  
p o i n t s  of view of  i n t e r a c t i o n s  among them and t h e i r  e f f ec t s  on accuracy  o f  
matches. A s t u d y  should be made o f  t h e  t h e o r e t i c a l  limits on t h e  subpixed ac- 
curacy  t h a t  can be achieved given t h a t  t h e  images a r e  sampled d a t a .  The va- 
l i d i t y  of t e c h n i q u e s  used for e s t i m a t i n g  l lsubpixel offsetsy1 (e .g . ,  s u r f a c e  
f i t t i n g )  for mat.ching maps should be examined. The effects of relief and a t -  
mospheric r e f r a c t i o n  on the image-matching p r o c e s s  should  be q u a n t i f i e d ,  es- 
p e c i a l l y  i n  r e l a t i o n  t o  h i g h e r  r e s o l u t i o n  s e n s o r s .  Techniques should be de- 
veloped for  e s t l m a t i n g  p r o b a b i l j  t ie3 of image matching success, fa l se-a la rm 
and miss r a t e s .  
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The c o r r e l a t i o n  t e c h n i q u e s  t o  be  cons idered  should i n c l u d e  llnonraster" d a t a  
types .  Ex t r ac t ion  of irr.age features t o  match wi th  " d i g i t a l  map" r ep resen ta -  
t i o n s  should be  cons idered  due  t o  i t s  p o t e n t i a l  f o r  a canrnon d a t a  base  f o r  
m u l t i p l e  s enso r s .  D i f f e r e n t  d a t a  t y p e s  may r e q u i r e  d i f f e r e l i t  a lgo r i thms .  
Both senso r  d a t a  c o r r e l a t i o n  and t h e  r e w i r e d  preprocess ing  shos ld  be s t u d i e d .  
A t r a d e o f i  s tudy  should be  made t o  f ind  t h e  optimun combination o f  preprocess-  
ing c o r r e l a t i o n  and surface f i t t i n g  f o r  o f f s e t  e s t i m a t i o n  i n  relation t o  v a r i -  
ous senso r  t y p e s  ( r e s o l u t i o n  , s p e c t r a l  c h a r a c t e r i s t i c s ,  geometr ics )  , ground 
c h a r a c t e r i s t i c s ,  and imaging seasons .  
If c o r r e l a t i o n  t echn iques  guarantee inE s u c c e s s f u l  image matching a r e  not  
a v a i l a b l e  and v e r i f i e d ,  t h e  s p e c i f i c a t i o n s  such  a s  t h e  Thematic Mapper e q u i p  
ment  o f  .3 ( r e l a t i v e )  and .5 ( a b s o l u t e )  accuracy cannot  be met. It ha: been 
shown t h a t  hard s p e c i f i c a t i o n s  s u c h  a s  these i m p l y  h igh  ground sys tem c o s t s .  
Therefore  i t  is necessa ry  t o  e s t a b l i s h  r s a l i z a b i i i t y  o f  s u c h  a c c u r a c i e s  so 
t h a t  we e i t h e r  no t  be  a s  s t r i n g e n t  w i t h  t h e  s p e c i f i c a t i o n s  and l e t  users " l i v e  
w i t h "  t h e  e r r o r s ,  o r  cane  up w i t h  t echn iques  f o r  achiev ing  and v e r i f y i n g  t h e  
accu rac i e s .  Mul t i sensor  image matching and image t o  nonimage d a t a  matching 
tea!xin,xs hsve t h e  p e t o ~ t i z l  cf saving  t h e  e f f o r t .  needed i n  b u i l d i n g  m u l t i p l e  
c o n t r o l  po in t  l i b r a r i e s .  
Items a through d l is ted below c o n s t i t u t e  a cohe ren t  group. The p r i o r i t i z a -  
t i o n  should be  i n  terms o f  t h e o r e t i c a l  work and - h e  experiments  t o  h e  per- 
formed on va r ious  sensor t y p e s ,  d a t a  t y p e s ,  e t c  The sequence c? events  
should be as  fo l lows:  a )  c r e a t e  a canmon so f tware  b r a r y  t o  be shared amorlg 
r e sea rche r s :  b )  perform t h e o r e t i c a l  s t u d i e s  o f  : pixed  a c c u r a c i e s ,  re l ief  
d i s t o r t i o n s  and atmospheric  r e f r a c t i o n  e f fec ts ;  c )  i d e n t i f y  s e n s o r  t y p e s  and 
experimental  d a t a  se ts  ( s y n t h e t i c  and r e a l )  t o  b e  u: xi; d )  conduct t es t s  o f  
t e c h n i c i a n s  and t r a d e  o f f  studies. 
11. Study t o  determiire i n t e r a c t i o n  o f  inter- image matching procedures  and se- 
l e c t i o n  of  GCPs f o r  a given senso r .  
The t y p e s  o f  GCPs  which should be selected fo r  f u t u r e  l i b r a r i e s  w i l l  most 
l i k e l y  depend not  o n l y  on t h e  c h a r a c t e r i s t i c s  o f  t h e  GCP, b u t  a l s o  on t h e  
matching procedures  i n  which t h e  C C P s  w i l l  b e  u s e d .  For remote sens ing  d a t a  
from a given s e n s o r ,  an experimental  des ign  w i t h  t h e  fol lowing a n a l y s i s  ele- 
ments i s  proposed : a )  preprocess ing  procedure a n a l y s i s ,  b) in te r - image  match- 
ing f a c t o r s  a n a l y s i s  ( c o r r e l a t i o n  measure,  c o r r e l a t i o n  peak de te rmina t ion ,  
match r e j e c t / a c c e p t  c r i t e r i a )  , c )  C C P  f a c t o r s  a n a l y s i s  ( t y p e  o f  GCP, season  
and scene c h a r a c t e r i s t i c s  o f  base  c h i p ,  season  and scen? c h a r a c t e r i s t i c s  o f  
t es t  c h i p ) .  
W i t h i n  each f a c t o r  c m b i n a t i o n ,  c h i p  p a i r s  w i t h  knosn image-to-image matches 
(determined manual.ly) w i l l  be  subjected t o  t h e  process ing  f a c t o r s .  Measured 
response  d a t a  f o r  t h e  exper imenta l  des ign  w i l l  b e  matches and summary s t a t i s -  
t i c s  ( ave rage ,  d i s p r s i o n ,  p e r c e n t i l e s )  of t h e  d i f f e r e n c e  between true o f f s e t  
and au tomat i ca l ly  determined o f f s e t  f o r  nonre jec ted  matches,  and measures o f  
t h e  temporal s t a b i l i t y  o f  matching performance. "he b e n e f i t s  o f  t h e  above de- 
s c r ibed  s t u d y  a r e  t h a t  t h e  s t u d y  conc lus ions  w i l l  p rovide  guidance i n  selec- 
t i o n  o f  S C P s  f o r  fu ture  l i b r a r i e s .  The p e n a l t i e s  f o r  no t  performing t h e  s t u d y  
i s  t h a t  f u t u r e  GCP l i b r a r i e s  w i l l  b e  b u i l t  b u t  w i l l  have low success r a t e  i n  
au tomat i ca l ly  r e g i s t e r i n g  d a t a .  
XII. Global  m u l t i s e n u x  control poirt t  L ibrary  f z a s i b i l i t y  s tudy .  
If around cwtt;Lo; p o i n t s  a r e  t o  be used t o  r . ecz l fy  and/or  r e g i s t e r  f u t u r e  re- 
motely sensed image d a t a ,  t h e  feasibility of a h i g h l y  automated, g l o b a l ,  mul- 
t i s e n s o r  c o n t r o i  p o i n t  l i b r a r y  shoc ld  at determined.  Such 8 s y s t e m  should  in-  
c o r p o r a t e  improved methods o f  l oad ing  c o n t r o l  p o i n t s ,  improved user a c c e s s  
( i n c l u d i n g  t h e  c a p a b i l i t y  for u a e x  t o  i n t e r a c t i v e l y  load  t h e i ?  own c o n t r o l  
p o i n t s  frotII remote t e r m i n a l s ) ,  s t s n d a r d  contrcl p o i n t  formats, and 6 mult1;en- 
sor d a t a  base.  
A g l o b a l  mu l t i s enso r  c o n t r o l  p o i n t  ll!wery would reduce  t h e  o p e r a t i o n a l  costs 
a s s o c i a t e d  w!th p r e c i s i o n  r c c t i f l c a t i o n  and r e g i s t r a t i o n  of f u t u r e  s e n s o r  sys-  
tems, In  addi t ior . ,  t h e  c a p a b i l t t y  f o r  u s e r s  t o  load s p e c i a l  sets o f  G C P s  and 
a c c e s s  t h e  GCP l i b r b r y  a l lo l r s  t h e  u s e r  t o  gua ran tee  t h e  r e c t i f i c a t i o n  and/or  
r e g l s t r a t . i o n  accuracy  u f  s p e c i f i c  d a t a  sets o f  Interest t o  him. 
The iV.t.Ia1 c a p i t a l  outlay t o  implement such a sys tem would probably be  i n  ex- 
cess o f  $?O m i l l i w .  I n  a d d i t i o n ,  multiseitsor r e g i s t r a t i o n  e a y  well n o t  be 
easy to  achieve.  
IV. Multi;>le Cont ro l  P o i n t  Cocs ide ra t ions  
E leva t ion  o f  observed c o n t r o l  p o i n t  mismatches t o  an  image-level mismatch 
c h a r a ~ t e r i z s t i m  is e f f e c t e d  by f i t t i n g  a d i s t o r t i o n  func t ion  t o  t h e  GCP o f f -  
sets. This d l s t . t r t i o n  func t ion  could a r i s e  from ( 1 )  inadequacy !n 2 p r i o r i  
d e f i n i t i o n  o f  t h e  g e m e t r i c a l  model (e .g .*  n o t  i n c l u d i n e  soar, enomel?es,  ter- 
r a i n  effects, n t r o s p h e r i c  d i f f e r e n t i a l  refraction, etc. 1 * (2) from an incom- 
p l e t z  cha rac t e rSza t ion  o f  its form (e .g . ,  r o l e  is modeled as t h i rd -o rde t  i n  
t h e  b u t  t h e  dLta is f i r s t  o r d e r ) ,  or ( 3 )  t h e  c a s e  t h a t  chr a priori model is 
prop6*ly  c b a r e c t e r i z e d  b u t  w i t h  imprec i se  parameters  (e.&. , polynominal coef-  
f l c i m t s  are r e f i n e d  wikh GCP d a t a ) .  C h a r a c t e r i z a t i o n  of the model d i c t a t e s  
t h e  op t ima l  s i z l n a  and placemen? 01 c o n t r o l  poir , ts .  The p c s s i b i l i t y  af  unde- 
t e c t e d  CCP o u t l i e r s  ( i - e . ,  e r roneous  matches) d i c t a t e s  t h e  w e d  for estimation 
techd qu-.s beyond convent iona l  l eas t  squares .  
- 
me prcposed research would i n v e s t i g a t e  t h e  effect  o f  n u m b s  and d i s t r i b u t i o n  
of c o n t r o i  p o i n t s  r equ i r ed  a3 an e f f e c t  o f  image ( s e n s o r )  c t a r a c t 3 r i s t i c s  ade- 
quscy 9f fi t  t o  ar; CJ p r i o r i  model or s e l e c t i o n  o f  degree  or mode? f o r  warping 
func t ion  Iq an adap-c‘,ve sens2.  The adap t ive  c a p a b i l i t y  w i l l  reduce t h e  number 
of c o r r e i o k i o n s  required for mapping well crdered d a t a  se ts  and consequent ly  
‘he process ing  time or  e q u i p t e n t  compleri’iy k h i l e  ex tending  tne c a p a b i l i t y  t o  
riandle diverse d a t a  sets a t  Limited througnput  r a t e s .  
The fol lowing s p e c i f i c  a r e a s  dre recmmended: a )  I n v e s t i g a t e  s p a t i a l  d i s t o 7 -  
t l o n  f i l t e r i n g :  der ive  new t echn iques  or expand existirq t echa iques .  e.6. 
Kahlman f i l t e r i n g ;  b )  Test. polynomial rubber  s h e e t i n g  i a  terms o f  compromise 
between o r d e r  s e l e c t i o n  and reducing  ifHS er ror :  c : l r # v e s t i g a t e  a p p l i c a t i o n  of 
robus t  e s t i m a t i o n  t ecbn iqves  t o  rubbe,--s!,eeting and t o  f i t t i n g  a Fricri forms; 
d )  i n v e s t i g a t e  a d a p t i v e  placement of c o n t r o l  p o i n t s ,  e.g. , t o -e f f ec t  minimum 
RHS f i t  errors: e) I n v e s t i g a t e  magnitude o f  high-frequenoy geometr ica l  d i ~ -  
t o r t i o n s  [a tmospher ic  d i s t o r t i o n ,  zenaor  anomalies)  and c o n t r o l  po in t  sizing; 
f )  I n v e s t i g a t e  methods t o  overcome geometr ica l  d i 3 t o r t i o n s  w i t h  a 5 C P  pa tch .  
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Candidate methods inc lude  i t e r a t i v e  r e g i s t r a t i o n  ( c o r r e l a t e ,  remap, r e c o r r e l -  
a t e ,  remap, e t c . )  and a p p l i c a t i o n  of t h e  a f f i n e / F o u r i e r  technique  of  Emmert 
and HcCillam t o  determining t h e  o f f s e t  i n  an a f f i n e l y  d i s t o r t e d  CCP. 
V. Cent ra l ized  System Study 
A t rade-off  s t u d y  needs t o  be undertaken t h a t  cons ide r s  t h e  opt imal  hardware 
conf igu ra t ion  f o r  imdge product ion of d a t a  der ived  from d i f f e r e n t  sensor  types  
w i t h  emphasis on sof tware/hardware t r a d e o f f  f o r  balanced computation and 110. 
Of p a r t i c u l a r  i n t e r e s t  is t h e  c ? d  t o  determine f e a s i b i l i t y  of developing a 
c e n t r a l i z e d  sys tem t o  perform r e g i s t r a t i o n  and r e c t i f i c a t i o n  f o r  va r ious  sen- 
sors ( i . e . ,  SAR, HLA, HSS, e t c . ) .  Development of  a c e n t r d i z e d  system could 
be t h e  most economical and e f f i c i e n t  approach t o  meet f u t u r e  image process ing  
requirements .  
V I .  User System S t u d i e s  
By using 3 combination of systems a n a l y s t s ,  a survey of  u s e r  expe r i ence ,  and 
experimental  tests, i t  should be p o s s i b l e  t o  determine t h e  speedup f a c t o r s  a 
user  can expect  by u s i n g  commercially a v a i l a b l e  s p e c i a l  purpose  hardware such 
a s  a r r a y  processors  and b u l k  core  memory. I t  should a l s o  b e  p o s s i b l e  t o  de- 
termine whetner i t  is economical t o  speed up commonly used a lgor i thms by u s i n g  
s imple custom e l e c t r o n i c s .  This s t u d y  would a s s l s t  Lsers i n  hardware systems 
desigr. .  
3.4.2 Research P r i o r i t i e s  
P r i o r i t i e s  f o r  t h e  proposed research  a r e  subdivided i n  F igures  1 and 2 i n t o  
near- or long-term t a s k s .  The elements  l i s t e d  a r e  s u b s e t s  of t h e  six recom- 
mended research  a r e a s .  
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3.5 REPORT OF THE SUBPANEL ON REMAPPING PROCEDURES 
The remapping procedures  subpanel  met f o r  two s e s s i o n s  t -  define re sea rch  
needs i n  remapping f o r  e a r t h  r e sources  o b s e r v a t i o n a l  systems. The panel  con- 
s i s t e d  of:  
Howard S. Heuberger 
NASAKSFC 
Dave Nichols 
JPL 
Stephen C. Ungar Bert Guindon 
Goddard Inst i tute  f o r  Space S t u d i e s  Canada 
Victor  Conocchioli 
EROS Data Center 
C h r i s t i n e  Hlavka 
NASA/ARC 
Edward Mikhai l  
P u r d u e  Univers i ty  
M. Naraghi 
JPL  
P h i l  Cressy 
NASA/GSFC 
A 1  Zobr i s t  
J PL 
3.5.1 S t a t e  of Knowledge 
Remapping is done by government d a t a  c e n t e r s ,  p r i v a t e  i n d u s t r y ,  and u s e r s .  
Systems developed by government d a t a  c e n t e r s  ( e .g . ,  MDP) d e l i v e r  a few t y p e s  
of products  which do not meet t h e  range of  needs of  u s e r s .  The need f o r  sub- 
sets and mosaics o f  frames, map quadrangles ,  v a r i o u s  map p r o j e c t i o n s ,  e t c .  
were documented a t  t h e  1977 Santa  Maria Conference orl Ceobase Information Sys- 
tem Impacts on Space Image Formats. A value-added p r i v a t e  i n d u s t r y  s e r v i c e  
has not developed because t h e r e  i s  l i t t l e  a v a i l a b l e  sof tware  and it is  no t  
p r o f i t a b l e  f o r  a company t o  fund remapping sof tware  e f f o r t s .  Users t y p i c a l l y  
develop b i t s  and pieces o f  remapping sof tware  a s  needed. A l l  t h r e e  t y p e s  o f  
o r g a n i z a t i c n s  would b e n e f i t  from a fundamental r e sea rch  e f f o r t  orl remapping 
sof tware  and systems which achieve a range o f  products  and a r e  modular 2nd  
t r a n s p o r t a b l e .  Related research  i s  needed i n  a r e a s  o f  p la t form modeling and 
c a l i b r a t i o n  and photogrammetric methodology f o r  c u r r e n t  and proposed sencors  
inc luding  spaceborne and a i rbo rne .  Table I summarizes key problems f ac ing  t h e  
space image da ta  user  community today.  
I t  was noted by t h e  panel t h a t  t h e  r e m a p p i n g / r e c t i f i c a t i o n  process  could be 
s i g n i f i c a n t l y  a ided through Gngineering systems :mprovements i n  a t t i t u d e  con- 
t r o l ,  w i t h  subsequent improvement i n  s p a c e c r a f t  ephemeris modeling eccuracy . 
Att i tude /a l ignment  e r r o r  i s  t h e  'Largest sou rce  o f  image r e c t i f i c a t o c  e r r o r .  
Thermally inducea r e l a t i v e  alignment e r r o r  between t h e  image irrstrument and 
t h e  s p a c e c r a f t  must  be measured o r  a c t i v e l y  compensated f o r .  An a l t e r n a t i v e  
i s  t o  p l ace  the a t t i t u d e  s e n s o r s  i n  c l o s e  proximity t o  t h e  image ins t rument  t o  
minimize misalignment e f f e c t s .  I t  was noted t h a t  a t t i t u d e  e r r o r  can be con- 
t r o l l e d  t o  36 seconds w i t h  c u r r e n t  genera t ion  s t a r  t r a c k e r s  and hydro. A s t a r  
t racker /hydro  package capable  o f  3 seconds accuracy could be developed. Fur- 
thermore,  an ephemeris accuracy of 10 meters  i s  p o s s i b l e  w i t n  t h e  NAVSTAR/GPS 
system. Wi th  t h e  GPS system i t  would appear we w i l l  ach ieve  15O-bOO meter ac- 
curacy i n  t h e  absence of ground c o n t r o l  poif i ts .  This can  be con t r a s t ed  w i t h  
TABLE I. Problems i n  Remapping 
0 
0 
0 
0 
0 
0 
0 
0 
MANY USERS DESIRE PRODUCTS IN MAP PROJECTED FORM AND USUALLY I N  QUADRAN- 
GLES ORIENTED NORTH 
REMAPPING SOFTWARE IS NOT TRANSPORTABLE/EFFICIENT 
GCP LIBRARY NOT DISTRIEUTED 
QUALITY CONTROL ON STANDARD PRODUCTS (E.?.  , MDP) NOT S U F F I C I E N T  
SENSOR/PLATFORM MODELS ARE NOT COMPLETELY UNDERSTOOD OR U T I L I Z E D  
PHOTOGRAMMETRIC RECTIFICATION MODELS FOR SINGLE AND MULTIPLE IMAGES NOT 
WELL DEVELOPED 
MODEL CALIBRATION DAiA ARE INADEQUATE 
RECTIFICATION ACCURACY LIMITED BY INADEQUATE KNWLEDGE/AVAILABILITY OF 
TERRAIN R E L I E F  DATA 
t h e  10-15 meter accuracy  p o s s i b l e  without  GCPs b u t  us ing  advanced a t t i t u d e  
sensors and misalighment compensation and measurement on t h e  n e x t  gene ra t ion  
spacecra  f t , 
3.5.2 Recommended Research 
The r e s e a r c h  t a s k s  recommended are summarized i n  Table 11. 
There i s  a need f o r  s ta te-of- t .he-ar t  technology assessments  p r i o r  t o  i n i t i a -  
t i o n  of major programs, and t h e  high p o t e n t i a l  return from well formulated 
t e s t i n g  of a lgo r i thms  on s e l e c t e d  d a t a  sets o f  a c t u a l  and s y n t h e t i c  imagery. 
In a d d i t i o n ,  there  is a need f o r  SRT t a s k s  t h a t  i n c o r p o r a t e  s tandard  photo- 
grammetric methodology and formulas  and t h a t  more f u l l y  u t i l i z e  platform and 
c a l i b r a t i o n  d a t a  f r a n  c u r r e n t  and proposed Sensors  t o  r e p r o j e c t  d i g i t a l  imag- 
ery.  The impact o f  improved p la t form s t a b i l i t y  and i n t e g r a t i o n  of  GPS mea- 
surements  on reduced ground segment process ing  needs t o  be c r i t i c a l l y  as- 
sessed. The group a l s o  h igh l igh ted  t h e  need f o r  a s u b s t a n t i a l  e f f o r t  i n  t h e  
‘ e v e l o p e n t  o f  remapplng so f tware  and systems t h a t  a r e  modular and t r a n s p o r t -  
ab le .  lhis need sterds from t h e  f a c t  t h a t  p rev ious  and current ground segment 
image d a t a  r e c t i f i c a t i o n  t a s k s  are faced with e x t e r n a l  f o r c e s  d i f f i c u l t  t o  re- 
solve, namely users wanting a wide v a r i e t y  o f  map p r o j e c t i o n s  and d a t a  pro- 
ces s ing  c a p a b i l i t i e s  wh ich  p r i v a t e  i n d u s t r y  h a s  n o t  y e t  c o s t - e f f e c t i v e l y  de- 
veloped nor has  an i n d i v i d u a l  government f a c i l i t y  e f f i c i e n t l y  supp l i ed .  
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3.6 REPORT OF TifE SUBPANEL ON RESAHFLINC FUNCTIONS 
The resampling f u n c t i o n s  subpanel  met i n  two four-hour s e s s i o n s  on November 18 
and 19 t o  d 2 f i n e  r e sea rch  needs i n  t h i s  area for e a r t h  r e source  obse rva t ion  
systems. The panel  c o n s i s t e d  of: 
Richard Juday 
NASA/ JSC 
Arun Prakash 
Generai Electric 
Allan Nord 
Ball Aerospace 
Henry Muse 
E-Systems Inc. 
Paul Heffner  
NASA/CSFC 
Lee Bender 
us 3s 
S c o t t  cox 
NASA/GSFC 
Robert  H.  Dye 
ER IH 
RJger A .  Holmes 
Sene ra l  Motors I n s t i t u t e  
David Dow 
LASA/NSTL 
Carter Glass 
Goadyear Aerospace 
3.6.1 State of  t h e  A r t  
The s t a t e  o f  current p r a z t i c e  i n  resampling appea r s  l i m i t e d  t o  t h e  use o f  l i n -  
e a r  f i l t e r s ,  u sua l ly  cub ic  convolu t ion  on n e a r e s t  neighbor .  Less f r e q u e n t l y  
used a l t e r n a t i J - s  a r e  b i l i nea r  and l e a s t  squa res  f i l ters .  Neares t  neighbor i s  
u s u a l l y  the  choice  when low c o s t  is impor tan t  o r  when i t  i s  be l i eved  t h a t  o th-  
er metk-du degrade t h e  d a t a .  Resampling f u n c t i o n s  a r e  e s t a b l i s h e d  on incom- 
p l e t e  theory. Cubic convolu t ions ,  fo r  example, is based on a sine func t ion  
b u t  does not employ s t a t i s t i c a l  n o i s e  c h a r a c t e r i s t i c s .  There are s e v e r a l  dif- 
ferent bases  f o r  de te rmining  t h e  cubic! convolu t ion  parameters .  I t  is un- 
settled a s  to t h e  "optimumn set  of parameters .  
Seve ra l  important  p o i n t s  r e l a t e d  t o  resam?ling ;?ere brought  up. The term "re- 
sampling" is not  clearly de f ined .  A m i v e r s a l l y  agreed upon " f i g u r e  o f  mer- 
i tn does not  e x i s t .  Communications between d i s c i p l i n e s  which enter t h e  re- 
sampling problem from d i f f e r e n t  d i r e c t i o n s  a n i  w i t h  d i f f e r e n t  terminology i s  
confused. C u b i c  convolu t ion  can ;lot be used t o  f i l l  image p i x e l  gaps.  The TM 
use8 s p i n e  weights  f o r  t h i s  purpose.  Nonlinezr f i l t e r  t e c h n i q u e ,  qre repor t ed  
i n  t h e  l i t e r a t u r z  b u t  do not  appear  t o  be iised e x t e n s i v e l y  i n  t h e  d i v i l i a n  re- 
mote sens ing  community. 
3.6.2 Ant ic ipa ted  Kcquiremetits 
Improvements i n  t h e  use of  resampling i n  a p p l i c a t i o n s  of remote sens ing  w i l l  
r e q u i r e  development o f  a sound t h e o r e t i c a l  and ph i losoph ica l  b a s i s  predicLted 
on argueable  c o s t ,  e r r o r ,  or b e n e f i t  c r i t e r i a .  Two reasonably  disb.inct a r e a s  
of resampling usage a r e  i d e n t i f i a b l e ,  w i t h  d i f f e r e n t  levels o f  d i f r i c u l t y  i n  
theoretical development. S p a t i a l l y  p e r i o d i c  and cowplete  i n p u t  l a t t i ces  o f  
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sampled p o i n t s  t o  be  resampled t o  p e r i o d i c  o u t p u t  l a t t i c e s  o f  p o i n t  v a l u e s  de- 
s c r i b e s  t h e  more t i d y  a r e a  o f  resampling,  Inpu t  l a t t i c e s  h i c h  a r e  i r r e g u l a r ,  
Inc luding  such phenomena a s  missing p o i n t s ,  missing l ines ,  skew from one l i n e  
s u b s e t  t o  ano the r  (TH extended l i n e  p r o b l e ,  or  HLA sudden yaw o r  p i t c h  prob- 
lem), a t t i t u d e  werp, aqd bow-tie o r  o t h e r  mapping d i s t o r t i o n s  pose a more d i f -  
f i c u l t  a r e a  with s i g n i f i c e n t  o v e r l a p  with r e g i s t r a t i o n  and r e c t i f i c a t i o n  tech-  
n iques .  When such sound bases  a r e  e s t s b l i s h e d ,  t h e  a p p l i c a t i o n s  f i e l d  w i l l  
r e q u i r e  a p o r t a b l e  set  o f  s t a n d a r d  resampling codes f e a t u r i n g  v a r i o u s  known 
levels of a f f o r d a b i l i t y  i n  time and money s a d  well-designed i i n k a g e s  with a r -  
c h i v a l  d a t a  a n n o t a t i o n  b locks .  
%e wide range  o f  p o t e n t i a l  a p p l i c a t i o n s  and expanded needs f a r  resampling 
v e r s a t i l i t y  i n  cew imaging sensors l ema  t o  a concern for c r e a t i n g  s tandard-  
ized tes t  d a t s  sets an: ground t r a i n i n g  sites. ?)le fo l lowing  s t e p s  need t o  b e  
t aken :  a )  We need  t o  deve lop  s y n t h e t i c  d a t a  sets r e l a t e d  t o  s p e c i 3 c  d i s c i -  
p l i n e s .  b) Data sets based on a c t u a l  measurenents  should be t i g h t l y  cor:. 
t r o l l e d  both g e a n e t r i c a l l y  and r a d i a n e t r i c a l l y .  Information concerning t h e  
c r c a t i o n  of t h e  . iata se t  should b e  made u n i v e r s a l l y  o b t a i n a b l e .  For a i r c r a f t  
acquired scanne r  d a t a ,  e x t e n s i v e  pre- and p o s t f l i g h t  p e r f o n a n c e  e v a l u a t i o n 2  
should be und?rtakcn.  c )  Ground t r a i n i n g  s i t e s  used f o r  e v a l u a t i o n  of v a r i -  
ous s e n s o r  t y p e s  and p-ocessing f u n c t i o n s  should b e  e x t e n s i v e l y  mapped and 
photographed. Updates a t  r e a s o n a b l e  i n t e r v a l s  a r e  mandatory. d )  Experim<.rts 
i nvo lv ing  r e g i s t r a t i o n  and r e c t i f i c a t i o n  r e q  i r e  precise geometr ic  and geo- 
d e t i c  c o n t r o l ,  sites should be surveyed t o  p r e s e n t  c a d a s t r a l  s t a n d a r d s .  An- 
c i l l a r y  recorded d a t a  such a s  DTM, s o i l  type ,  e t c .  should be  made a v a i l a b l e  a t  
a g r i 2  s i z e  s m a l l e r  t han  t h e  expected IFOV or spaceborne sccsors. Che o r d e r  
of magnitude smalIcr. is d e s i r a b l e .  
With respect t o  resampling algorit .hms. t h e  p o s s i b i l i t y  exists t o  cons t r t i c t  a 
l i b r a r y  of tested a lgor i thms a v a i l a b l e  from %kSA/Cosrnic o r  an a l t e r n a t e  
source.  I n  p u r s u i t  of t h i s  g o a l ,  s t a n d a r d s  ne'd t o  be developed w i t h  respect 
t o :  a )  t r a n s p a r t a b i l i t y ,  b: documentatioo ( shou ld  i n c l u d e  t,he rnatheqat ical  
b a s i s  of' t h e  algori thm a s  well .?s a thorough d e s c r i p t i o n  o f  t h e  algorit,hm it- 
s e l f ) ,  c )  t e s t  d a t a  se ts ,  and d3 s tandard ized  performance s p e c i f i c a t i o x i .  
3.b.3 Recanmended Research 
Seven r e s e a r c h  a r e a s  were i d e n t i f i e d  by t h e  panel and a r e  d e s c r i b e d  below. 
I.  Perfo.m a s t u d y  r e s e a r c h  t a s k  t a  develop a theo ry  f o r  d e f i n i n g  an i n p u t  
p s f  o f  an ins t rument  such t h a t  upon resampling of  t h e  processed d a t a  in to  t h e  
desired ouLput g r i d  t h e  radiometric and geometric p r o p e r t i e s  a r e  a best es t i -  
mate of  t h e  t rue upwell ing r a d i a n c e s .  Such J t h e o r j  would i n c l u d e  n o i s e ,  d\;- 
sired o u t p u t  p s f  * and appl i ca t io r i  s p e c i f i c  best estimaLe parameter.  
XI. Deve lop  a1Rorittuns f o r  e s t i m a t i n g  missing d a t a  c.r f o r  i gnor ing  miss ipp ,  
, i t l t a .  S u c h  missing a a t a  soiirces t o  b e  considered a r e :  a i  dead d e t e c t o r s  i n  
m u 1  t i s c a n n e r s  ( inc lud i r ig  M I S S ) ,  h ?  scanner  s w e e p  Raps, c j  t ransmisslor?  L:i'op- 
out,s. .Such a l g o r i t h m s  should be c h a r a c t e r i z e d  by t h e i r  e f f e c t .  on t h P  o u t p u t  
imngt? such  t h a t  t h e  c h o i c e  o f  procedure can be  made by t h e  u s e r  f o r  t h e  a p p l i -  
c a t i o n  beir,g cons idered .  
111. Per.f.orm a s t u d y  on optimp1 resamplins  f u n c t i o n s .  'Ihese optimal  func- 
t i o n s  may be a p p l i c a t i o n  s p x i f i z  o r  d e t e r m i n e d  for:  a)  r a d i o m z t r i c  accuracy ,  
b )  geometr ic  f i d e l i t y ,  c! s p a t i a l  f e a t u r e  enhancement and e x t r a c t i o n .  Ques- 
t i o n s  to  be  addressed  i n c l u d e  t h e  n a t u r e  of d a t a  c h a r a c t e r i s t i c s  which permi t  
such  o p t i m a l i t y  and what kind of t rade-of fs  are made between t h e  d i f f e r e n t  
k i n d s  of op t ima l  f i l t e r  and under  what c o n d i t i o n s  can  a n  op t ima l  f i l t e r  be  de- 
s igned  t o  be  optimal for both radiometric accuracy  and geometric f i d e l i t y .  
I V .  S tandard Data Sets. The choice of  a resampling f u n c t i o n  i s  problem de- 
pendent.. For a complex problem, t h e  s p e c i f i c  e f fec ts  of e g iven  resampl ing  
f u n c t i o n  cannot  be p r e d i c t e d  by pencil-ana-paper methods. As a r e s u l t ,  a 
two-stage s i m u l a t i o n  w i t h  s t a n d a r d  d a t a  sets is recommended. 3 0 t h  real  and 
s y n t h e t i c  d a t a  sets are requ i r ed  because  t h e r e  are r e a l l y  two fu t l c t ions  t o  be 
performed. The s y n t h e t i c  d a t a  s e t  can  be used t o  s t u d y  t h e  behavior cf v a r i -  
o u s  resamplers  on c o n t r o l l e d  d a t a .  We c a n  d e r i v e  v a r i o u s  f i g u r e s  of  merit for  
comparing f i l t e r  performance and add control led amounts of n o i s e  t o  s t u d y  
noiLe-re jec t ion  performance. S y n t h e t i c  d a t a  e x h i b i t s  t h e  fo l lowing  p r o p e r t i e s :  
( a )  a b i l i t y  t o  c o n t r o l  d imens iona l i ty ,  ( b )  power s p e c t r a l  d e n s i t y ,  ( c )  t y p e  
and magnitude of n o i s e ,  and ( d )  f e a t u r e s ,  etc. An a u t h e n t i c  d a t a  set is 
needed t o  g i v e  t h e  f i n a l  l e v e l  o f  c r e d i b i l i t y  t o  t h e  resampler performance. 
Real d a t a  is e s s e n t i a l  t o  uncover phenomena which cannot  be a n t i c i p a t e d  by a r -  
t i f i c a l l y  c o n t r i v e d  data .  Real data should  r e p r e s e n t  t h e  problerr, ("Typical" 
s c e n e  o r  even "worst-cast" s c e n e ) .  The s y n t h e t i c  d a t a  s e t  l e n d s  i t se l f  well 
t o  de termining  q u a n t i t a t i v e ,  c o n t r o l l e d  performance measures.  The r e a l - d a t a  
s e t  1enc:s itself t o  q u a l i t a t i v e  ( v i s u a l )  comparison and d i scove ry  of gross 
processing a r t  i f a c t s  . 
V. The l eas t  s q u a r e s  resampler  developed by Dye should  be  f u r t h e r  developed 
and t e s t e d .  Cost b e n e f i t  a n a l y s e s  must a l s o  be done and clear d e f i n i t i o n s  of 
of a p p l i c a b i l i t y  and l i m i t a t i o n s .  
V I .  There is a need f o r  merit f u n c t i o n s  for a s s e s s i n g  resampl ing  techniques .  
Various numbers and/or  f u n c t i o n s  have been proposed a s  measures of goodness of 
resampling ope ra t ions .  Confusion exists r ega rd ing  t h e  r e l a t i o n s h i p s  between 
them and what they  measure. People  expect that, d i f f e r e n t  end users w i l l  need 
t o  op t imize  d l f f e r e n t  f igures  of merit, b u t  a r e n ' t  q u i t e  s u r e  which.  The re- 
s e a r c h  approach would: a )  L i s t  and d e f i n e  a l l  c a n d i d a t e  merit f u n c t i o n s .  
Perform theo re t i ca l  a n a l y s i s  t o  f i n d  t h e  r e l a t i o n s h i p  between them and what 
in format ion  t h e y  convey. b)  Survey u s e r s  i n  v a r i o u s  d i s c i p l i n e s  t o  see w h i c h  
merit f u n c t i o n s  look most u s e f u l  t o  each. c )  Compute a l l  promising merit  
f u n c t i o n s  f o r  one o r  two examples of resampling.  Focus on  e x p l o r i n g  t h e  merit. 
f u n c t i o n s ,  n o t  t h e  r e s a p l i n g .  
VII .  De!elop a benign resampling a lgor i thm.  P r e s e n t  " A  t o  P" convers ion  for  
Landsat  D Imagery i n t r o d u c e s  problems i n  t h e  "P1' d a t a  t h a t  makes some u s e r s  
under take  t h e  conver,sion themselves ,  or  w i s h  t h e y  c o u l d .  Nodern p i p e l i n e  pro- 
cessors may make some s o r t  of A t o  P convers ion  s t r o n g l y  a t t r a c t i v e ,  provided 
t h a t  a k e r n a l  can be found which does n o t  :mag? t h e  d a t a  unacceptab ly .  He- 
search should b e  undertaken t o  a n a l y z e  resampling a l t h o r i t h m s  to f i n d  ones  
which  r e t 3 i n  n e a r l y  a l l  of the q u a l i t y  of t h e  d a t a  o r i g i n a l l y  col lected w h i l e  
do ing  rubber  sheet resampling p l u s  f i l l i n g  smal l  f i x e d  gaps.  Charac t e r i ze  i t  
i n  terms d f  s u i t a b l e  merit f u n c t i o n s .  Design algori thms t o  h e  Implemented i n  
f a s t  hardwired processor. D e m o n s t r ~ t e  f e a s i b i l i t y  on real d a t a .  
3 .7  REPORT OF THE SUBPXNEL CN ERROR CPARACTERIZATION AND ERROR BUDGETS 
The sub ,ne1 on error c h a r a c t e r i z a t i o n  and error budgets  met in two szssions 
d u r i n g  November 18 and 19, 
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t h i s  rnd-co-2nd error a n a l y s i s  program is t o  paxi- 
mizr t h e  u t i ' i t y  o f  t h e  da t a  t o  t h e  tiser by minim,tirg t h e  o v e r a l l  p o s i t i o n i n g  
errot. i n  a c o s t  e f fec t . i ve  mariner. For e x i s t i n g  land  remote s e n s i n g  sys tems,  
s w h  3 s  Landsat-D, t h i s  imp l i e?  measuring ana i s o l a t i n g  t h e  key components of 
crror i n  order t o  t r e d i c t  e r r o r s  i n  i n f e r r e d  o u t p u t  v a r i a b l e s ,  and t o  modify,  
if necessa ry ,  bl iss ion o p e r a t i o n s  acd ground p rocess ing  procedures .  For f u t u r e  
s y s t e m ,  such  a s  p o s s i b l e  mul l i s enso \*  mu1 t i r e s o u r c e  mis s -ons ,  error a n a l y s i s  
s t a r t s  by  modeling and p r e d i c t i n g  t h e  uey error s o x c e s  and s e n s i t i v i t y  i n  
syste.r,z perr'ormance for s p e c i i i c  p roduc t s  i n  order t o  a s s i s t  i n  t h e  d e s i g n ,  
f z k r i c a t i o n  and trade-off phases .  The methodology fo r  t n i s  error a n a l y s i s  
must be i n  Dlace d u r i n g  t h e  s tud )  phase o f  f - J t u r e  sys tems i n  order t o  f u l l y  
e x m i n e  b c t h  hardware and sof tua t -0  zpproacheE t o  meet ing  requiren:ents .  
Tie r e p o r t  is o rgan ized  i n t o  LWO s e c t i o n s .  The f irst  rev iews  our c u r r e n t  
s t a c e  o f  kncwledge o f  b o t h  u s e r  p o s i t i o n i r &  requ i r emen t s  and e r r w  models of 
c u r r e n t  and proposed s a t e l l i t e  sys tems.  The second s e c t i o n  g i v e s  a broad out -  
l i n e  of  t h e  subpanel recommendationc. In a d d i t i o n ,  there are  ~ ; v 3  appendices .  
Aopendix A d e t a i l s  ';he i m p l i c a t i o n s  of  an  a s s m p t i o i !  t h a t  a strawman 1'24,000 
s c a l e  tnapping requi rement  might Se t h e  c r i t i c 3 1  dri;fer for  an  o p e r a t i o n a l  l and  
obse rv ing  s y s t e n .  Appendix E i s  a l i s t i n g  of subpantl members. 
3.?.1 Sta t e  G f  K n o u l e d g  
3.7.1.1 User Requirement? 
h a l y s i s  of e x t e n s i v e  bser su rveys  on s p a t i a l  and s p e c t r a l  r equ i r emen t s  for an  
c p e r a t i o n a l  l and  obse rv ing  s y s t e n  have r e c e n t l y  been completed (Barker  e t  a l .  
1980).  There is l f t t l e  i f  any informat ion  i n  t h e s e  su rvey3  t o  q u a n t i t a t i v e l y  
j u s t i f y  any s p e c i f i c  p o s i t i o n i n g  requirement. This is an i n d i c a t i o n  o f  t h e  
need t o  provide  f o r  i t e r a t i v e  i n t e r a c t i o n  with informed t e c h n i c a l  and 
professioAa1 u s e r s  s i n c e  a s i g n i f i c a n t  mapping requirement  was no t  a n t i c i -  
pa ted .  Furthermore,  t h e  m a j o r i t y  of p o t e n t i a l  users o f  map q u a l i t y  d i g i t a l  
imagery would nct have been surveyed because n e i t h e r  t h e y  nor  t h e  surveyers 
recognized t h e  a p p l i c a b i l i t y  of  s a t e l l i t e  d a t a  t o  mapping. There were con- 
sistent requi rements  f o r  2 4  d a t a  for f o r e s t e r s  and o t h e r s  i n  t h e  USDA. Thea+ 
requirements a r e  about  t h e  same s ize  a8 t h o s e  needed t o  meet t h e  most impcr-  
t a n t  mapping requi rement  o f  1:24,000 (Barker ,  1980) which was i d e n t i f i e d  i r l  a 
s e p a r s t e  i n i t i a l  s t u d y  of  mapping requi rements .  Informal  q u e r i e s  on f o r e i g n  
maps i n d i c a t e  t h a t  a s c a l e  o f  1:50,000 is probably t h e  one most g e n e r a l l y  
tlsed. Actual requi rements  f o r  mapping from f u t u r e  s e n s o r s  a r e  p a r t  o f  an on- 
going s tudy  under t h e  ELOS a c t i v i t i e s  a t  Goddard Space F l i g h t  Center ( E R I H .  
1981). Appendix 3.7.A d e t a i l s  t h e  implied requi rements  f o r  a strawman 
1:24,000 s c a l e  map. 
3.7.1.3 Generic  Error Source Hodeling 
S p a c e c r a f t  systems need a c c u r a t e  c h a r a c t e r i z a t i o n  f o r  e r r o r  budget development 
t o  a c c u r a c i e s  commensurate w i t h  car tography t o  NHA s t a n d a r d s  a t  1:24,000 
s c a l e .  As- 
suming a minimal use of  ground c o n t r o l  p o i n t s  i n  t h e  image r e g i s t r a t i o n  pro- 
cess, t h e  accuracy s t a n d a r d s  d e l i n e a t e d  i n  t i le fo l lowing  paragraphs  must be 
met. 
Analy t ic  o r b i t  p ropagators  a r e  not  y e t  adequate  t o  meet t h e  need. 
Ephemeris  measurement c a p a b i l i t y  commensurate w i t h  CPS c a p a b i l i t y  (10-m posi- 
t i o n )  is e s s e n t i a l  f o r  geode t i c  p o s i t i o n i n g  adequate  t o  s a t i s f y  t h e  s t a t e d  
u s e r  need. The o p e r a t i o n a l  process ing  of  GSTDN (Goddard Space Tracking and 
Data Network) d a t a  and t h e  p ro jec t ed  processirlg of TDRSS d a t a  do n o t  provide  
t h e s e  accu rac i e s .  
Knowledge and/or  c o n t r o l  of  p la t form dynamics t o  b e t t e r  than 0.001 deg poin t -  
ing accuracy and deg / s  p o i n t i n g  s t a b i l i t y  i s  needed f o r  adequate  geode t i c  
p o s i t i o n  accuracy .  Landsat-D p o i n t i n g  c o n t r o l  w i t h  0.01 deg p o i n t i n g  c o n t r o l  
and deg / s  s t a b i l i t y  r e p r e s e n t s  t h e  p r e s e n t  s t a t e  of  t h e  a r t  f o r  n a d i r  
o r i e n t e d  p l a t fo rms .  
Sensor dy:iamics have been modeled t o  a s i g n i f i c a n t  e x t e n t  f o r  t h e  scanning  
t .ype  i n s t rumen t s  a s  d i scussed  below under "Ex i s t ing  Geometric Error Analys. 
Hodels f o r  Landsat-D". 
kL.9 and SAR do not  p r e s e n t  any obvious dynamics problems and no S i g n i f i c a n t  
ana lyses  have been done t o  d a t e .  However, t h e  need f o r  cont inuous  a l ignments  
t o  a few a r c  seconds do not a l low r u l i n g  out  t h e  need f o r  s u c h  a n a l y s e s .  A l -  
so, p o i n t a b l e  imagers such a s  may c h a r a c t e r i z e  an OLOY w i l l  c e r t a i n l y  n e c e s s i -  
t a t e  ana lyses  w i t h  regard  t o  po in t ing  dynamics and v i e w  ang le  a b e r r a t i o n s .  
Pre l iminary  e f f e c t s  of view ang le  a r e  ind ica t ed  by Driver (1982). 
Er ror  sou rces  not  s u b j e c t  t o  c o n t r o l  such a s  e a r t h  r o t a t i o n .  c u r v a t u r e r  and 
topographic  v a r i a b i l i t y  have s i g n i f i c a n t  impact on p o t e n t i a l  geode t i c  w a i t i o n  
accuracy and m u s t  be modeled and compensated f o r  e r r o r  minimiza t ion .  
Surface  v e l o c i t y  and image c o n f i g u r a t i o n  on a r o t a t i n g  t r i a x i a l  e l l i p s o i d  m u s t  
be modeled and analyzed and methods sought  f o r  e r r o r  m i n i n i z a t i o n .  
Ground con t ro l  pattern u t i l i z a t i o n  is  common f o r  ob ta in ing  high-accuracy geo- 
d e t i c  p o s i t i o n .  However, t h i s  i s  a c o s t l y  and slow method f o r  image r e g i s t r a -  
t i o n  and r a p i d l y  becomes untenable  f o r  r ap id  r e p e a t  coverage OK a g loba l  
s c a l e ,  p a r t i c u l a r l y  for  inadequate  a p r i o r i  e s t i m a t e  of geode t i c  p o s i t i o n .  
Furthermore,  adequate  ground c o n t r o i  does no t  exist  i n  many p a r t s  of  t h e  
world.  T e n t a t i v e  error-compensation o p t i o n s  have been advanced f o r  t h e  major 
sources  ( D r i v e r ,  ’982). “ i g n i f i c a n t  work i s  needed t o  de te rmine  t h e  f e a s i b i l -  
i t y  of such compensation o p t i o n s  or o t h e r s  which w i l l  enable  a c q u i s i t i o n  o f  
images w i t h  i n h e r e n t l y  a c c u r a t e  geode t i c  p o s i t i o n  on a g loba l  s c a l e .  The 
pro jec ted  5-10 year  time s c a l e  f o r  t h e  development o f  a TM GCP (Ground Control 
Poin t )  l i b r a r y  i n d i c a t e s  t h a t  f u t u r e  senso r  system o f  h igh  s p a t i a l  r e s o l u t i o n  
mat p lace  a g r e a t l y  reduced  r e l i a n c e  on G C P s .  
3.7.1.3 Ex i s t ing  Geometric Er ror  Analysis  Models f o r  Landsat-D 
A number o f  e r r o r  a n a l y s i s  models and s imi i la t ions  c u r r e n t l y  e x i s t  f o r  t h e  
Lmdsat-D TM image process ing .  These t echn iques  can be ca t egor i zed  i n t o  TM 
s e n s o r ,  a t t i t u d e  measurement, a t t i t u d e  c o n t r o l ,  s p a c e c r a f t  s t r u c t u r a l  dynam- 
i c s ,  Systematic  Correc t ion  Data Genera t ion ,  and c o n t r o l  po in t  e r r o r  dynamics. 
The TM senso r  models i n c l u d e  a dynamic. s imu la t ion  of  t h e  TM scan  mi r ro r  assem- 
b l y  ( i n c l u d i n g  open loop  and closed loop s t r u c t u r a l  i n t e r a c t i o n  e f f ec t s ! ,  a 
scan l i n e  c o r r e c t o r  dynamic s i m u l a t i o n ,  and a TM o p t i c a l  model which ca tegor-  
i z e s  o f f - a x i s  po in t ing  of each d e t e c t o r  as a func t ion  of d e t e c t o r  l o c a t i o n  and 
o p t i c a l  misal ignments .  
The a t t i t u d e  measurement models i nc lude  j i t t e i -  response (above n.@1 Hz) m d  
models of  t h e  Attitude Control D R I R l l  ( g y r J .  ., and tile angular  Displacement .Sen- 
sors  I A D S ) .  These models a r e  incorpora ted  i o a Firnulation which impar t s  at,- 
t i t u d e  motion i n t o  t h e  s e n s o r s ,  p rocesses  t n e  a a t a  through pro to type  A t t i t u d e  
Data Processing sof tware  and e v a l u a t e s  t h e  accu rac i e3  o f  t h e  processing s y s -  
tem. This simulatiorr is  used t o  determine t h e  e f f e c t s  o f  DRIRU or ADS c a l i -  
b r a t i o n  e r r o r  on o v e r a l l  system performance. 
The a t t i t u d e  c o n t r o l  model is a d e t a i l e d  s imula t ion  o f  t h e  A t t i t u d e  Control 
System and low-frequency ( l e s s  t h a n  7-Hz) s t r u c t u r a l  d y n a m i c s .  lncluded i n  
t h i s  s imu la t ion  are  e f f e c t s  o f  t h e  s o l a r  a r r a y  d r i v e  and TDRSS antenna d r i v e .  
This model has  been u s e d  t o  e s t i m a t e  the  a t t i t u d e  c o n t r o l  po in t ing  accuracy 
and t h e  low-frequency s p a c e c r a f t  j i t t e r .  
The s t r u c t u r a l  dynamics model is a a e t a i l e d  N A S T R A N  model of  t h e  LdndSat-D 
s p a c e c r a f t  frm. which modal a n a l y s i s  i s  perf3rmed. This model has been v e r i -  
f i e d  by performing component modal t e s t s  o f  t h e  TLASS Antenna and boom, t h e  
so la r  a r r a y ,  t h e  Instrument  Module Center body ( i n c l u d i n a  TM and MSS Mass Sim- 
P l , I a t o r s ) ,  and MuIti inission Spacec ra f t .  This model is use0 t o  p c e d i c t  on or.. 
b i t  high-fl-equency ( g r e a t e r  than o r  equal  t o  7-Hz) j i t t e r  caused b y  t h e  Tp; and 
MSS mir ro r  impacts.  
The accuracy of  Systematic  Correc t ion  Data Generat ion i s  t e s t e d  by c m p r r i n g  
the  o u t p u t s  of pro to type  sof tware  t o  those  o f  a high p r e c i s i o n  e x t h  look 
po in t  and map p r o j e c t i o n  models. 
The c o n t r o l  p o i n t  error dynamics a n a l y s i s  i n c l u J a c  :an 19-state cova r i ance  an- 
a l y s i s  and a de t a i l ed  s i m u l a t i o n  of c o n t r o l  p o i n t  l oca t - ion  errors ( t h i s  simu- 
l a t i o n  is c u r r e n t l y  i n  development?.  The cova r i ance  a n a l y s i s  and  s i m u l a t i o n  
i n c l u d e  dynamic error models for  ephemeris ,  al ignmerit ,  and low-frequency a t t i -  
tude.  The cova r i ance  a n a l y s i s  h a s  been used for system s t u d i e s  t o  de te rmine  
p rocess ing  f e a s i b i l i t y  and t h e  s i m u l a t i o n  w i l l  be used t o  tes t  ?.he o p e r a t i o n d l  
c o n t r o l  p o i n t  p rocess  i ng so f t.wa re. 
I n  a d d i t i o n  t o  t h e  above error a n a l y s i s ,  t h e  e f fec ts  of  g a p  resarrpl ing have 
been studied u s i n g  s imula ted  TM edge responses  and smsll s e c t i o n s  of a n a l y t i -  
c a l l y  genera ted  TM imagery. The e n t i r e  resampling p rocess ing  h a s  been devel -  
oped i n  a p ro to type  softwsre s i m u l a t i o n  which i n c l u d e s  a bit-by-bit  emula t ion  
of t h e  resampling hardware. 
It must be noted t h a t  these a n a l y s i s  models and s i m u l a t i o n s  a r e  n o t  c u r r e n t l y  
d e l i v e r a b l e  software packages. They a r e  a n a l y s i s  too ls  used by General  Elec- 
t r i c  t o  d e s i g n  and analjrze t h e  TN process ing  system. 
3.7.2 Recommendations For P o s i t i o n  Error Modeling Research 
Fkt ir s p e c i f i c  recommendations were made by t h e  panel  i n  t h e  l i m i t z d  time t h e y  
haa to  c o l l e c t i v e l y  d i s c u s s  t h e  i s s u e s .  These are summarized below and are 
d i scussed  i n  more d e t a i l  i n  S e c t i o n s  2.1 t h r u  2.4.  In  a d d i t i o n ,  a very  pre-  
l imina ry  assessment  was made by several of t h e  pane l  members of t h e  r e s o u r c e s  
t h a t  may be r equ i r ed  t o  c a r r y  o u t  t h e  recommended research. Due t o  l a c k  of 
time a t  t h e  workshop, t h e  f u l l  pane l  was n o t  a b l e  t o  be  consu l t ed  o n t o  t h e  re- 
q u i  red resources .  
The recommendations are: 
1. Obtain and e v a l u a t e  t h e  e x i s t i n g  error models fo r  Landsat-,3/TH ( see  
S e c t i o n  2.1 for d i s c u s s i c n ) .  Expected r e s o u r c e s  r equ i r ed :  S0.5M 
o v e r  3 y e a r s  w i th  5 MY c i v i l  s e r v i c e .  
2. Provide  i t e r a t i v e  u s e r  involvement i n  system error budget ing  and er- 
ror model development and v e r i f i c a t i o n  on rea l  and s y r . t h e t i c  d a t a  
s e t s  (see Sec t ion  2.2 for  d i s c u s s i o n ) .  Expected r e s o u r c e s  r e q u i r e d :  
$2.OM o v e r  5 y e a r s  w i t h  20 M Y  c i v i l  s e r v i c e .  
3. Develop error models f o r  f u t u r e  system d e f i n i t i o n  avd t rade-of f  s t u -  
dies on: a )  s e n s o r s  ( H L A  Advanced scanne r  SAR)  b )  s p a c e c r a f t / s h u t -  
t l e  c )  process ing/ informat ion  ( see  Sect ion 2.3 for  d i s c u s s i o n ) .  Ex-  
pected re sources  r equ i r ed :  $O.SM over j y e a r s  w i t h  5 MY c i v i l  
s e r v i c e .  
4. C r e a t e  a F o s i t i o n i n e  Error Rudget Study Group (see S e c t i o n  2.4 for  
d i s c u s s i o n )  Expected r e s o u r c e s  r equ i r ed :  S0.1l.r o v e r  2 years w i t h  2 MY 
c i v i l  s e r v i c e .  
3.7.2.1 Needed Geometric Error A n a l y s i s  Model fo r  TM 
A number cf p o t e n t i a l  error n v d e l s  may be needed t o  more f u l l y  c n a r a c t e r i z e  TM 
s e n s o r  and process ing  errors. These inc lude :  
A TM dynamic s t r u c t u r a l  node1 t o  e v a l u a t e  t h e  c r i t i c a l  r i g i d  body as -  
sumption between t h e  ADS mounting l o c a t i o n  and t h e  TM o p F i a l  a x i s .  
E f f e c t s  of t o p o l o g i c a l  v a r i a t i o n  r e s u l t i n g  from t h e  o r b i t  and a t t i t u d e  
c o n t r o l  on t h e  Landsat-D geode t i c  and temporal. r e g i s t r a t i o n  accura-  
cies. Examination o f  t h e  f e a s i b i l i t y  and d e s i r a b i l i t y  o f  deve loping  
and appending a q u a n t i t a t i v e  measure o f  topographic  v a r i a b i l i t y  w i t h i n  
a TN scene a s  a d i r e c t  o r  s u r r o g a t e  es t iaate  of misplacement of p i x e l s  
w i th in  t h e  scene  due  t o  topography. 
Analyses o f  t h e  c o r r e l a t i o n  l o c a t i o n  accu racy  which can be expected 
f r m  R1 r e s o l u t i o n  imagery. 
RECOMHENDATION - Obtain and e v a l u a t e  t h e  e x i y t i n g  TM process ing  e r r o r  models. 
This may rekuire upgrades of t h e  software documentation t o  de l iverable  s t a t u s .  
3.7.2.2 Crea te  I n t e r a c t i v e  User Involvement In  System Error Budgeting and 
Hodeiing and V e r i f i c a t i o n  on Real Data Sets 
User “requi rements”  have been s o l i c i t e d  from a v a r i e t y  o f  users, g e n e r a l l y  
wi thout  c o n s i d e r a t i o n  of costs cf o b t a i n i n g  them, i r i t hou t  ve rba l i zed  cons ider -  
a t i o n  o f  any l o s s e s  ir .  u t i l i t y  i f  t hey  a r e  no t  met, and wi thout  ve rba l i zed  
c o n s i d e r a t i o n  o f  parameter  t r a d e o f f s .  Th i s  p reven t s  t h e  system eng inee r  o r  
sc ient is t  from being a b l e  t o  i t e ra te  p o t e n t i a l  sys t em d e s i g n s  w i t h  t h e  u s e r s .  
To so lve  t h i s  problem, it i s  recmmended t h a t  s p e c i f i c  e f f o r t s  be planned t o  
involve  t h e  users i te ra t ive ly  i n  t h e  g e n e r i c  deve lop .en t  o f  e r r o r  budget  meth- 
odology p r i o r  to  and du r ing  t h e  miss ion  des igns .  
One p o s s i b l e  mechanism f o r  f a c i l i t a t i n g  coope ra t ive  involvement o f  t h e  user 
and system engineer  i n  t h e  t r a n s l a t i o n  o f  user requirement3 i n t o  s y s t e n  per- 
formance s p e c i f i c a t i o n ,  s u b s y s t e m  a l l o c a t i o n s ,  e r r o r  budgets ,  and e r r o r  models 
would be t h e  use o f  miss ion  sys tem a n a l y t i c a l  models w h i c h  a r e  capable  of 
producing an ou tpu t  which Zimulates  t h e  a c t u a l  d a t a  t h a t  t h e  user would g e t  
from t h e  mizsion.  A c a p a b i l i t y  could be genera ted  f o r  process ing  undis to , - ted  
input  ,c.-rtes ( r e a l  and s y n t h e t i c )  and c r e a t i n g  d i s t o r t e d  ou tpu t  scenes i n  t h e  
u s e r s  La ta  format .  The a n a l y t i c a l  p rocess ing  w d l d  be  done us ing  system mod- 
e l s  f;r t h e  , . i s s i o n  and would i r , c lude  d i s t o r t i n g  e s t i m a t e s  d u e  t o  a l l  s o u r c e s  
0;- e r r c r  that .  t h e  p l a t f c rm,  i n s t r u m e n t ,  and ground and f l i g h t  d a t a  process ing  
systemr. W ~ J  d i n t roduce .  I n  t h e  e a r l y  s t a g e s  of mission d e f i n i t i o n  and i n -  
str, n m t  ccnceptua i  d e s i g n ,  these a n a l y t i c a l  s t u d i e s  could be  based on s imple  
models o f  t h e  rcisslcn and t h e  d i s t o r t i o n s .  As t h e  i n s t r u m e n t  and miss ion  de- 
s i g n  form; u p ,  t h e  models and a n a l y s i s  could be updated and t a k e  on more com- 
p l e x i t y  i l  required.  If t h e  mGdels a l s o  conta ined  r ep resen taL ives  o f  t h e  o th-  
er e l e c t r o - c p t i c a l  imaging c h a r a c t e r i s t i c s  o f  t h e  ins t rument ,  t h e  a n a l y s i s  
would produce an ou tpu t  image con ta in ing  r e p r e s e n t a t i o n s  o f  a l l  r ad iomet r i c ,  
s p a t i a l ,  an.: geode t i c  i n s t r u m e n t  d a t a  deg rada t ions .  k b y p r o d w t  of  tciis ca- 
p a b , l i t y  would b e  t h a t  a n a l y t i c a l l y  p r o d w e d  d a t a  p roduc t s  would b e  obta ined  
which could be u s e d  t o  a id  i n  t h e  d e s i g n  and  t e s t i n g  of ground d a t a  process ing  
systems. The expected resul t  of oil e f f o r t  t o  produce t P ’ s  o v e r a l l  miss ion  
a n a l y t i c a l  s imula t ion  would be t o  provjde  a s y s t e m a t i c ,  h i g h l y  v i s i b l e ,  in te r -  
a c t i v e  approach f o r  e s t a b l i s h i n g  optimum ins t rument  performance s p e c i f i c a t i o n s  
and error budgets  which could a l s o  be  used t o  a s s e s s  expected ins t rument  sys- 
tem per fomance  i n c l u d i n g  ground d a t a  process ing  a lgor i thms.  
Before embarking on e x t e n s i v e  data  c o l l e c t i o n  schemes, however, a s t u d y  .hould 
be conducted t o  see i f  s y n t h e t i c  s c e n e s  c a n  c o n t r i b u t e  t o  t h e  unders tanding  of 
p o s i t i o n i n g  errors for f u t u r e  systems. 
3.7.2.3 
Hardware and Software Hetnods For Minimizing Errors 
I d e n t i f y  Strawman Mission For Modeling Key Errw Sources  And I d e n t i f y  
I n  o r d e r  t o  i d e n t i f y  t h e  hardware and sof tware technology needed t o  o b t a i n  Lhe 
r e g i s t r a t i o n  and r e c t i f i c a t i o n  requi rements  expected of advanced spaceborne 
imaging systems,  c o a p l e t e  end-to-end system t rade-of f  s t u d i e s  need t o  be  per- 
formed. These can be a c c o m p l i s ~ e d  by i d e n t i f y i n g  s e v e r a l  strawman miss ions  
which a r e  expected t o  d r i v e  image recistration/rectification technology and hy 
performing system s t u d i e s  on these missions.  The system s t u d i e s  would i d e n t i -  
f y  t h e  e r r o r  budgets  fo r  t h e  missions which would i n c l u d e  errors due t o  the 
o r b i t ,  p l a t f o m ,  s e n s o r  dynamics, s c e n e  v a r i a b i l i t y ,  as  well a s  e r r o f s  i n t r o -  
duced a u e  t o  any process ing  of d a t a  on-board or  on t h e  ground. Trade-off 
s t u d i e s  could then  be performed u s i n g  system registration/rectification models 
f o r  t h e  m i s s i o n s  w i t h  a l l  s o u r c e s  of  e r r o r  modeled. Trade-offs involv ing  
hardware and sof tware  improvements for  p o s i t i o n i n g  e r r o r  minimizat ion could  be 
made i n  t h e  a r e a s  of :  
1. Platform a t t i t u d e  and ephemeris measurements/estimation/control 
2. Instrument  p o i n t i n g  and al ignment  measurement/estimation/control 
3. On-board o r  ground process ing  o f  t h e  d a t a ,  i n c l u d i n g  GCPs. To r e g i s -  
ter  and r e c t i f y  t h e  images b o t h  w i t h i n  one miss ion  d a t a  se t  a s  well 
as  w i t h  o t h e r  data  sets.  
3.7.2.4 Develop Error Mcdels fo r  F u t u r e  System D e f i n i t i o n  and Trade-off  
S t u d i e s  
3.7.2.4.1 Sensors  
a )  MLA: The MLA s e n s o r  o p e r a t e s  i n  an i n t e g r a t i n g  mode where t h e  c r o s s - t r a c k  
scene  is s imul taneous ly  imaged w i t h  f i x e d  geometry and p e r s p e c t i v e .  Unlike a 
scanne r ,  any s p a c e c r a f t  o r  s e n s o r  induced j i t t e r  or  o ther  d i s t u r b a n c e  w i l l  a f -  
fect  a l l  d e t e c t o r s  e q u a l l y .  No pixel- to-pixel  high-frequency j i t t e r  correc- 
Lion w i l l  be necessary .  
The f i x e d  n a t u r e  of  t h e  d e t e c t o r s  and t h e  s imul taneous  imaging i n  t h e  c.ro:s- 
t r a c k  d i r e c t i o n  shoiild s u b s t a n t i a l l y  reduce  t h e  p r o c e s s i n g  r e q u i r e d  t o  produce 
g e o m e t r i c a l l y  correct images. 
S t u d i e s  should be  conducted t o  i n v e s t i g a t e  t h e  geometr ic  e f f e c t s  wh ich  a r e  
unique t o  an ALA-type s e n s o r  and i t s  impact on r e c t i f i c a t i o n .  One-dimensional 
dewarping a lgor i thms t o  s i m p l i f y  geometr ic  r e c t i f i c a t i o n  and t h e  r e s i d u a l  er- 
rors r e s u l t i n g  from a t t i t u d e  and ephemeris u n c e r t a i n t i e s  should be  investi- 
ga t ed .  In  o r d e r  t o  r e a l f z e  t h e  advantage of  t h e  s m a l l e r  p i x e l s  and h i g h e r  re- 
s o l v i n g  c a p a b i l i t y  provided by an MLA s e n s o r ,  concurren t  improvements i n  t h e  
c a p a b i l i t i e s  of t h e  s p a c e c r a f t  a t t i tude  and ephemeris  system w i l l  b e  r e q u i r e d .  
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Models and senso r  s i m u l a t i o n s  need t o  be developed t o  i n v e s t i g a t e  and i d e n t i f y  
t h e  t r ade -o f f s  between senso r  ACS and ephemeris  de t e rmina t ion  improvemepts and 
senso r  performance f o r  va r ious  p i x e l  z i z e .  Semiempirical  models o f  t h e  
s e n s o r / s p a c e c r a f t  i p t e r f a c e  inc lud ing  dynamic e f f e c t s  should b e  developed t o  
determine whether some form of a c t i v e  j i t t e r  o r  image motion compensation w i l l  
be needed t c  r e a l i z e  the  10-m b a s e l i n e  r e s o l u t i o n  of  MLA. 
A p o t e n t i a l  pushbroom senso r  con ta in ing  a c e n t r a l  segment (s )  o f  h i g h e r  r e so lu -  
t i o n  end segments could provide  t h e  p o s s i b i l i t y  of  o b t a i n i n g  h igh- re-o lu t ion  
d a t a  f o r  mapping and ground c o n t r o l  p o i n t  l o c a t i o n  concur ren t ly  w i t h  a c q u i s i -  
t i o n  of  t h e  "normal1t m u l t i s p e c t r a l  d a t a .  
The added h igh-prec is ion  d a t a  a l lows  t h e  p o s s i b i l i t y  of  minimizing geometric 
e r r o r s  r e l a t e d  t o  grnund po in t  l o c a t i o n s  ( a s  well a s  provid ing  t h e  p o s s i b i l i t y  
f o r  s u b p i x e l  t e x t u r e  in fo rma t ion ) .  This a l so  provides  d a t a  which can be used 
t o  i t e r a t e  s p a c e c r a f t  a t t i t u d e  models, a t  h ighe r  p r e c i s i o n  than  would t h e  nor- 
mal lower r e s o l u t i o n  d a t a .  
b )  Advanced Scanner:  Scanning in s t rumen t s  such as MSS and TM c r e a t p  unique 
problems w i t h  e r r o r  budget ing and modeling. There is 8 sugges t ion  t h a t  TM 
could be modified t o  more than double  i t s  IFOV by i n c r e a s i n g  the number of de- 
t e c t o r s  i n  t h e  f o c a l  plane and p u t t i n g  on more scan mi r ro r  n o n i t o r s  ( t o  b e t t e r  
i d e n t i f y  t h e  scan p r o f i l e ) .  
Due t o  the  t c r q u e s  involved i n  t h e  scanning process ,  e s p e c i a l l y  f o r  h i g h l y  e f -  
f i c i e n t  scanning t echn iques ,  high-frequency p o s i t i o n i n g  e r r o r s  ( j i t t e r )  can 
result from f l e x i b l e  body e f f e c t s  i n  t h e  i n s t r u m e n t  a s  well a s  i n  t h e  p la t form 
t o  which i t  i s  a t t a c h e d .  Techniques need t o  be developed,  beyond those  which 
e x i s t  i n  t h e  Landsat-D/TM, f o r  budgeting and modeling t h e s e  e r r o r s .  This would 
inc lude  t h e  p o s s i b i l i t y  of  having t o  measure t h e  i n s t r u m e n t  b o r e s i g h t  i n c l u d -  
ing  e f f e c t s  o t  i n d i v i d u a l  o p t i c a l  element motions.  
I n  a d d i t i o n ,  t echn iques  need t o  be developed t o  reduce t h e  magnitude o f  t h e  
pos i t i on ing  e r r o r s  through t h e  use of a c t i v e l y  c o n t r o l l e d  o p t i c a l  e lements  . . id 
t h e  i s o l a t i o n  o f  ins t rument  dynamics from t hose  of t h e  p la t form.  
c >  SAA: Unlike t h e  scanning and MLA s e n s o r s ,  a s i g n i f i c a n t  amount of  geomet- 
r i c  d i s t o r t i o n  can r e s u l t  i n  t h e  s i g n a l  process ing  segment. The purpose o f  
such segments i s  t o  conve r t  from a raw image i n t o  a s l a n t  range/azimuth image. 
Processing e r r o r s  i nc lude :  a )  es t ima t ion  o f  FM r a t e ,  b )  azimuth compression 
technique ( t i m e  domain, frequency domain),  c )  range c e l l  migra t ion  c o r r e c t i o n  
arid a s soc ia t ed  i n t e r p o l a t i o n ,  d )  block process ing  t echn iques ,  e )  doppler  
centered  t r ack ing  accuracy,  and f )  t e r r a i n  v a r i a t i o n  e f f e c t  on po in t  t a r g e t  
1 oca t ions.  
To map the  s l a n t  range/azimuth imagc t o  a c e r t s i r ,  n,sp p r o j e c t i o n .  remapping 
an3 resampling e r r o r s  a r e  in t roduced .  Remapping does not r e q u i r e  a t t i t i i d c  i r ? -  
formation.  Remapping errors i n c l u d e :  a )  ephemeris ,  b )  e a r t h  c u r v a t u r e ,  c )  
GCP accuracy.  d )  t e r r a i n  v a r i a t i o n ,  and e )  atmospheric  r e f r a c t i c n  (ve ry  s e v e r e  
fer V O I R ) .  
A focus of the  s t u d y  on t h e  fol lowing i s  recommended: a )  S t u d y  va r ious  s i g n a l  
process ing  a lgor i thms on t h e  raw image and t h e i r  t r a d e o i f s .  Develop e : - ror  
5 2  
models. I n v e s t i g a t e  how e r r o r  propagates  from one process ing  s t a g e  t o  t h e  
ano the r .  b: Develop remapp!ng/resamplivq e r r o r  model. c )  Develop an e r r o r  
model for  us ing  DTM for rectification/registration. I n  SAR imagery, t e r r a i t i  
d i s t o r t i o n  is more seve re  than  i t  is i n  t h e  scanner  imagery. d )  Study t h e  e f -  
f e c t  o f  t e r r a i n  v a r i a t i o n  on processirig a lgor i thms * s i n c e  t e r r a i n  a f f e c t s  t h e  
t a r g e t  t r a j e c t o r y  I n  t h e  raw image. e )  For p lane ta ry  mis s ions ,  no GCPs  w i l l  
be a v a i l a b l e .  Study whether automatic  Z'ocusing on s t r i p - t o - s t r i p  r e g i s t r a t i o n  
can be used t o  r e p l a c e  ephemeris parameters .  Develop an e r r o r  model. 
3.7.2.4.2 S p a c e c r a f t / S h u t t l e  
Spacec ra f t  and Shutt . le models f o r  f u t u r e  systems should i n c l u d e  advanced sen- 
s lr and s y s t e m  models which would provide  increased  knowledge o f  s p a c e c r a f t  
induced e r r o r  sou rces  wt1ict.r a r e  cmmensura t e  w i t h  increased  r e s o l u t i o n  ex- 
pected from advanced senso r s .  Spacec ra f t  subsystems which must be  modeled i n -  
c lude :  a )  a t t i t u d e  measurement systems,  b )  a t t i t u d e  c o n t r o l  systems,  c )  o r b i t  
de te rmina t ion  s y t  ems, d 1 o r b i t  c o n t r o l  systems,  e )  senso r  a l ignment  measure- 
ment s y s t e m s ,  f )  time and frequency s t anda rds .  
Examples o f  f u t u r e  s p a c e c r a f t  systems which m u s t  b e  modeled a r e :  advanced 
3 t a r  t r a c k e r s ,  advanced horizon s e n s o r s ,  f i n e  pq in t ing  s u n  s e n s o r s ,  and u l t r a -  
s t a b l e  gyro systems. Ttie above system models a r e  components o f  t h e  a t t i t u d e  
measurements and c o n t r o l  systems. 
An instrument  could be provided which, through repea ted  over lapping  images o f  
t n e  ground, can provide t h e  d a t a  t o  a l low gene ra t ion  o f  a t t i t u d e  h i s t o r y  w i t h -  
ou t  r e f e r e n c e  t o  maps o r  o t h e r  surveyed ground p o i n t s .  This w i l l  be o f  par- 
t i c u l a r  use i n  s h u t t l e  o r  a i r c r a f t  systems. This d a t a ,  i n  t u r n ,  a l lows  image 
l inz-by- l ine  d a t a  t o  be pos i t ioned  proper ly  i n  t h e  rectif ied image. This w i l l  
a l low modi f i ca t ions  o f  t h e  e r r o r  budget by provid ing  images w i t h  g r e a t e r  gzo- 
met r i c  accuracy.  
For o r b i t  measurenent and con.ro; systems,  on-board o r b i t  de te rmina t ion  us ing  
Global Pos i t i on ing  System ( G P S )  da t a  o r  u t i l i z i n g  TrackiRg and Data Relay 
Satel l i te  System (TDRSS) d a t a  m u s t  be modeled. Accelerometer packages t o  mea- 
s u r e  noncons t rva t ive  a c c e l e r a t i o n s  could be modeled along w i t h  on-bcard ac tu-  
a t o r s  for o r b i t  c o n t r o l .  Ephemeris d a t a  r e s u l t i n g  from p r e c i s i o n  b v u n d  based 
o r b i t  de te rmina t ion  m u s t  a l s o  be modeled. 
Time maintenance and t ime t r a n s f e r  systems t o  be modeled inc lude  CPS and TDRSS 
t ime t r a n s f e r  and/or  f l y i n g  w i t h  s t a b l e  o s c i l l a t o r s .  
S t u d i e s  r e s u l t i n g  from t h e  development of t h e  above modsls would be t h e  gener- 
a t i o n  of  e r r g r  budgets f o r  varying system conf igu ra t ion  and performing end- 
to-end t rade-of f  s t u d i e s  s u c h  a s  cos t  imDacts a n d  er:abling technology imppcts 
o f  improving s p a c e c r a f t  system knowledge such t h a t  CCP process ing  car. be 
e f t h e r  e l imins t ed  or s . r b s t a n t i a l l y  reduced. 
3.7.2.4.3 Process ing/ lnformat icn  
Often i n  t h e  d e s i g n  and development cf process ing  , sys t ems  t h e r e  a r e  not  s t r o n g  
and s p e c i f i c  i d o n t i i i c a t i o n s  a s  t o  what func t ion  nus t  be p e r f o m e d  t o  i n s u r e  
t h a t  t h e  end product  is most o e n e f i c i a l  t o  t h e  user needs.  The f u n c t i o n s  may 
5 3  
be i s o l a t e d  t o  hardware or so f tware  components b u t  mu t i n c l u d e / r e f l e c t  a lgo r -  
i thws  t h a t  e l imina te / r educe  e r r o r s  from t h e  d a t a  sou rce ,  s e n s o r / s p a c e c r a f t .  
The development o f  s u p p o r t i n g  process ing  system ,hould begin cdncurren t  w i t n  
t h e  development of t h e  s e n s o r / s p a c e c r a f t  a t  or d u r i n g  t h e  ph; . Q / B  s t u d i e s .  
If t h e  processing sys tem was designed w i t h  t h e  understanding 01 ; l .m i ib l e  e r r o r  
enhancment  t o  t h i s  d a t a  source ,  then  d a t a  r ecove ry ,  c o r r e c t i o n ,  and e r r o r  re- 
moval procedures  should be considered i n  t h e  desigri .  
Some f a c t o r s  t h a t  m u s t  be considered i n  t h i s  process ing  system t o  e l i m i n a t e /  
minimize e r r o r s  are: a )  e p h m e r i s  a c c u r a c y / v a r i a t i o n s ,  b )  s enso r  a l ignment ,  
c) d a t a  t r a n s l a t i o n ,  d )  geometr ic  e r r o r s  and sys t ema t i c  c o r r e c t i o n  ( o r b i t /  
a t t i t u d e ) ,  e )  scanning s e n s o r ' s  r a t e s ,  gaps,  and p r o f i l e ,  f )  l e s s o n s  l ea rned  
from h i s t o r i c a l  s e n s o r s ,  g )  image co r r l a t ion /ma tch ing  t echn iques ,  h )  t enoora l  
processi i ig/data  t r a n s l a t i o n ,  i) p i x e l  e r r o r s ,  j) ca r tog raph ic  and mosaic er- 
rors, k) i n t e g r a t i o n  o f  mul t i s enso r  d a t a ,  1) ground c o n t r o l  p o i n t / p c i n t i n g  
t o l e r a n c e s ,  m )  edge d e t e c t i o d i m a g e  s n a r p n e s s / f i l t e r i n g ,  and n )  image warping. 
The processing system should a l s o  g i v e  t h e  users some i n f o r v a t i o n  about wh i t  
c o r r e c t i o n s ,  a lgo r i thms ,  f i l t e r s ,  e t c . ,  were used I n  c o r r e l a t i n g  t h e  p r o i u c t .  
This d a t a  w i l l  f a c i l i t a t e  t h e  user understanding and use of t h e  f i n a l  pro- .uct .  
3.7.2.4.4 Study Group 
It is  recommended t h a t  a perma.ient Ad Hoc Earth Observing Sysi-m E r r o r  4ral;- 
sis Working Group be e s t a b l i s h e d  a t  t h e  N A S A  Headquarters  l e v e l .  ?he  pur se 
of t h i s  working group i s  t o  adv i se  t h e  NASA Program Man.-ger on techn.ica? e- 
qu i r emen t s  and l i m i t a t i o n s  r e l a t i n g  t o  e r r o r  c h a r a c t e r i z a t i o n ,  e r r o r  budgets ,  
and system v e r i f i c a t i o n .  
Establ ishment  of  t h i s  working group is  impera t ive  t o  preserve  c o n t i n u i t y  i n  
t h e  E a r t h  Observing Systems Techniques and Data Processing Development Prog- 
ram. The working group members should b e  comprised of system d e s i g n e r s  and 
system users and be r e p r e s e n t a t i v e  of tt:e government, i n d u s t r y ,  and u n i v e r s i t y  
commun it ies . 
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3.7.4 Appendices t o  Error C h a r a c t e r i z a t i o n  and Error Budgets Subpanel 
APPENDIX A 
POSITIONING REQUIREMENTS COMPPTIBLE WITh 
MAS FOR 1 :24,000 TOPOGRAPHIC HAPS 
The b a s i c  assu-p t ion  i n  t h i s  e x e r c i s e  is t o  se t -up  a “straw-man” mission de- 
signed t o  p c v i d e  d a t a  s u i t a b l e  f o r  meeting Nat ional  Map Accuracy Standards  
NMAS f o r  1:24,000 s c a l e  topographic  and p l an ime t r i c  map products .  This is a 
geometric requirement r a t h e r  than a nonmetric i n fo rma t iona l  requirement .  I n  
a d d i t i o n ,  t h e  change i s  t o  produce t h e s e  x ,  y .  z e a r t h  system coord ina te  d a t a  
w i t h  lcinimal r e fe rence  t o  ground c o n t r o l .  The g e m e t r i c  requirements w i l l ,  i n  
t u r n .  de f ine  t h e  IFOV of  t h e  system. As w i l l  be noted ,  an IFOV cf a b x t  3-4 m 
w i l l  be requi red  t o  meet t h e  accuracy s t anda rds .  The foi lowing s t a t emen t s  a r e  
not  meant t o  advocate  t h i s  system, b u t  r a t h e r  t o  ccns ide r  i t s  f e a s i b i l i t y  i n  
terms of  e r r o r  budgets  and e r r o r  budget modeling methodology. 
I. Natiorial map accuracy s t a n d a r d s  ( N H A S )  for 1:24,000 s c a l e  map p roduc t s  
r e q u i r e  : 
a .  90’1 of h o r i z o c t a l  p c s i t i o n s  ( f o r  well def ined p o i n t s )  be e s t ab -  
l i s h e d  t o  +12 m cf t h e i r  c c r r e c t  l o c a t i o n .  The accep tab le  RMSExly (68%) 
is approxiiiiately 27 IC. 
b. 90% of e l e v a t i o n s  i n t e r p o l a t e d  from contour  l ines  w i l l  be  c o r r e c t  
t o  w i t h i n  !/2 t h e  contour  i n t e r v a l  (CI). The accep tab le  3MSE w i l l  
t h e r e f o r e  t equal  t o  t h e  C.I./3.3. As m m t  1:24,000 s c a l e  maps have 
C . I .  of 5, i d ,  20, o r  40 feet (depending on t h e  t e r r a i n ; ,  t h e  RYSE re- 
quirements a r e  approximately +0.5, 1 ,  2, and 4 m r e spec t  
e l e v a t i o n  s t anda rds  a r e  t k e  most s t r i n g e n t  requirement ,  
trc: system des ign .  
. i v e l y  . 3ecause 
t h e y  w i l l  con- 
11. System k s i p n  Assumptions 
a .  The assumed imaging system c o n s i s t s  of t h r e e  l i ne -a r r ay  cameras L,?- 
e r - + l . l g  i n  t h e  pusllbroom mode. Two of t h e  cameras w i l l  be  o r i e n t e d  a?- 
proximately 24 degrees  f rm t h e  v e r t i c a l  i n  a convergent  arrangement i n  
o rder  t o  provide f o r e  and a f t  coverage w h i l e  t h e  t h i r d  camera is q l i g n e d  
v t r t i c s l l y  so a s  t.0 produce near or thographic  coverage of  t h e  t e r r a i n .  
This conf igu ra t ion  results i n  p o t e n t i a l  hase-he ight  ( B / H )  r a t i o s  o f  1.0 
for f o r e  and a f t  s t e r e o p a i r s  and 0.b9 when t h e  v e r t i c a l  is employed w i t h  
e i t h e r  f o r e  or  a f t  coverage. 
b. Al t i tude  - s e t  between 5 ’.-. and 1000 km. e .g . ,  713 km o r  919 km 
c .  IFOV < 5 m: t o  be det-:.,! : k d  by NMAS,  geometric and c o r r e l a t i o n  rc- 
quirernents; r a t h e r  than by t iormetric in format ion  requi rements  
d .  Swath - TED i n  t h e  range 60-185 km 
e .  The f e a s i b i l i t y  of a n i s s i o n  designea t o  most of  t h e  above NMAS re- 
qui rements  remains t o  be demonstrated.  
111. Dror Cons ide ra t ions  and S u r  ces 
a. Haximum RNSFs 
1. Horizonta l  ( X , Y )  = + 7 m 
2 .  v e r t i c a l  (2) = - + 3 i ( f o r  IO m c.1.i 
b. Error Cons ide ra t ions  
1. General 
R e  miss ion  m u s t  p rovide  e s s e n t i a l l y  e r ro r - fkee  g e a n e t r i c  and 
r a d i a e t r i c  d a t a  i f  a c c u r a t e  map p roduc t s  a r e  t o  be  developed.  
I n  t h e o r y ,  t h e  s p a c e c r a f t  and senso r  systems can be c o n t r o l l e d  
so a s  t o  p rec lude  any s p e c i a l  ground based canputer  process ing  
( t o  c o r r e c t  t h e  e r r o r s )  , which i 3  bo th  expens ive  and subject t c  
d e l a y  . 
The parameters  which i n f l u e n c e  t b e  g e a n e t r i c  f i d e l i t y  o f  t h e  
image d a t a  i n c l u d e  p o i n t i n g  conc ro l  r a t e  motion s t a b i l i t y  and 
j i t t e r .  The s a t e l l i t e  l i n e - a r r a y  sensor system (which is re- 
cord ing  t h e  t e r r a i n  a s  a series o f  c ros s - t r ack  s t r i p s )  must  be  
pointed c o r r e c t l y  and h e l d  s t a b l e  f o r  approximately 100 seconds 
t o  produce e r r o r - f r e e  s t e r e 3  imagery. Any per t u r b a t i o n  o f  t h e  
sensor system dur ing  t h e  rctcording per iod will cause d i s p l a c e -  
m e n t s / e r r o r s  i n  t h e  d a t a  which, i n  t u r n ,  may r e q u i r e  geometr ic  
co r rec t io t r  and resampling a t  a ground r e c e i v i n g  s t a t i o n .  Rota- 
t i o n  o f  t h e  s p a c e c r a f t  about  t h e  X, Y,  and 2 axes  ( p o l l ,  p i t c h ,  
and yaw, r e s p e c t i v e i y )  , a l though  cops t r a ined  , w i l l  cause  de fo r -  
mat ions  o f  t h e  nominal image format a s  w i l l  changes i n  space- 
c r a f t  a l t i w d e  and o b l a t e n e s s  of t h e  Ea r th .  
2. Earth Rota t ion  
The b a s i c  imaging concept  I s  s t r a igh t fo r s ra rd  , however, beC8USe 
0.. Earth r o t a t i o n ,  t h e  s a t e l l i t e  ground track i s  no l onge r  a 
s imple  g r e a t - c i r c l e  r o u t e ,  3n3 t h e  v e r t i c a l ,  f o r e ,  and af t .  cm- 
e r a s  w i l l  no t  a u t o m a t i c a l l y  image t h e  same ground a r e a ,  even 
with a p e r f e c t l y  s t a b l e  s a t e l l i t e .  I n  o rde r  t o  o b t a i n  prcand 
coverage common t o  any two c m c r a s ,  a yaw motion m u s t  be  i n t r o -  
duced i n t o  t h e  camer-dspacecraf t .  This motion is n o t  c o n s t a n t .  
b u t  m u s t  vary  w i t h  l a t i t u d e  t o  main ta in  imaqe r e g i s t r a t i o n .  
3. Obla te  Earth 
The b a s i c  imaging concept  assumes a s p h e r i c a l  Earth and a c i r -  
c u l a r  s a t e i ’ i t e  o r b i t  FO t h a t  a c o n s t a n t  s a t e l l i ’ e  a l t i t u d e  is 
mainta ined .  I n  p r a c t i c e ,  however, we m u s t  cons ide r  an o b l a t e  
spt,eroid and an o r b i t  wh ich  on lv  approximEtes t o  a c i r c l e  d u e  
t o  v a r i a t i o n s  i n  t h e  g r a v i t a t j o n a l  e f f e c t  o f  t h e  E a r t h .  These 
d e v i a t i o n s  fran t h e  i d e a l  s i t u a t i o n  c r e a t e  i n c r e a s e s  i n  s l a n t  
range and a l t i t u d e  which i n  t u r n  cause sc,Je v a r i a t i o n s  as the 
s a t e l l i t e  i n c r e a s e s  i ts d i s t a n c e  from t h e  equa to r .  
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Resmpl ing Considera t ions  
Any image deformat ions  which a r e  not  mair?tained w i t h i n  speci- 
f i e d  limits m u s t  be removed i r i  t h e  ground d a t a  p-ocessing.  The 
p i x e l s  may be res ized,  reshaped,  r e a l i g n e d ,  and new grey level 
va lues  determined t o  provide  t h e  necessary  image q u a l i t y .  An 
o b j e c t i v e  o f  t h e  mission i s  t o  a c q u i r e  e r r o r - f r e e  d a t a  w h i c h  
w i l l  e l i m i n a t e  t h e  need for resampling (and minimize geometr ic  
cor rec t ions! .  
Spacec ra f t  Pe r f o rmanc e 
I n  o r d e r  t o  reach some conc lus ions  regardiflg t h e  geometr ic  dc- 
curacy ,  i t  i s  necessary  t o  c o n s i d e r  t h e  po in t ing ,  s t a b i l i t y ,  
and j i t t e r  of t h e  s p a c e c r a f t  and i t s  senso r s .  Po in t ing  accur-  
acv is  t h e  f a c t o r  mast  o f t e n  quoted as a measure of  geometr ic  
performence. For e x m p l e ,  t h e  Mu1 t i m i s s i o n  Vodular Spacec ra f t  
(HMS) which w i l l  be employed f o r  Landsat-D h a s  a p o i n t i n g  ac- 
curacy s p e c i f i c a t , i o n  0;’ +@.01 degree  (one  sigma). TP.us, Py  de- 
s i g n ,  t h e  summation o f  all f a c t o r s  t h a t  i n c l u d e  t!w a t t i t u d e  
c o n t r o i  subsystem should have a root-r .ear-square va lue  of less 
than  t h e  des ign  s p e c i f i c a t i c n .  I n  a d d i t i o n .  o t h e r  f a c t o r s  such 
as o r b i t  de t e rmina t ion .  t i m i n g .  s e n s c r  aligrsnler,t N i t k  t i l e  a t t i -  
t ude  c o n t r o l  syste.” (ir!c!uding t h e  e f f e c t s  of’ thcrraai i n s t ab !  I- 
i t i e s ) ,  and t h e  torquing  motions of  .s t a p  recorder < 5 f  t!scc!) 
i n f l u e n c e  t h e  -pointing Seometrv. S a t e l : i t s  s t a 5 i I i t . y  is  a? i5- 
portar i t  cons ’de ra t ion .  Extremely t i g h t  ?,,lerznce vi:! Se re- 
qui red  ( e . 8 . .  10-5 cieglsec a t  t h e  3‘;~ level c r  i.ct,tei-). 
IV. Error  .Sources In f luenc ing  the Napping Potent ia !  
From a c z r t ~ g r a p h i c  viewpoint.,  t h e  most si&:!i f icar r t  prc.t)!ems a r e  1 i k r i y  
t o  h e  of a g c m e t r i c  naturt.. i cnsequen t ly ,  i t  i s  des irhb le  t o  ciletermine 
the  acc i l racy  t o  which X ,  Y, 2 t e r r a i n  coori!.iat>t?S can b e  recovered frm 
image d a t a  recarded by ’ t h e  proposed l i ne -a r r ay  system, 
Major f ac to r s  w i i l c h  appear- t o  determine t h e  acrwracjr t o  w h i , . h  X ,  Y. and 
2 t e r r a i n  c a o r d i a n t e s  can  b e  recovered are l i s t e d  below: An a t tempt  is 
made t o  e s t ima te  +ant i t i r t i v e l i  t h e  magnitudes of tt:e s t a r r e d  e r r o r  
Sourc i s  ir? terms of root-maf:--square errar ( A H S E ) .  
1. 
2.  
3 .  
a .  
5 .  
6 .  
7 .  
8. 
Posi:.ion of‘ Sii Error .Sources 
Point. in8 of s e n s o r s  and a t t i t u d e  c o n t r o l  
S a t e l l i t e  vc loc i  t y 
Pre.2 1 s i u n of mea c 3.1 r m e  !I t 
Re1 l h i l  i t y  o!’ Sround  cont ro! 
E a r t h  c u r v a t u r e ,  at.mospiieric I.e!’ract i on ,  e t c  
f rocessinf i  equi p n c n t  arid procedures  
A d j u s t m e n t  Procedtires 
a> P o s i t i o n  of S/C 
m e  p o s i t i o n a l  de t e rmina t ion  of  t h e  S/C m u s t  be within 10 L f o r  a l l  
t h r e e  axes.  
b )  Sensor  Poin t ing  and A t t i t u d e  Control  
Nominal c o r r e c t i o n  v a l u e s  f o r  a constant .  b i a s  carr b e  d e t e m i n e d  
d t h  t h e  a id  of ground c o n t r o l .  I n  many a r e a s  of t h e  i jor ld ,  h o w  
e v e r ,  ground c o n t r o l  is inadequate  f o r  mapping t a s k s ,  and a l t e r n a -  
t i v e  methods o f  e s t a b l i s h i n g  c o r r e c t i o n s  f o r  po in t ing  e r m r s  must 
be made a v a i l a b l e .  
A t t i t u d e  s t a b i l i t y  anC msi3tenance of  c o n t r o l l e d  yaw a r t  c r i t i c a l  
parameters .  21 tjj:.der tc achieve accep tab le  c m r d i n a t e  va l ce?  w i t  
r easonable  consis 'e txy,  a vors t -case  c o r r e c t i o n  r a t e  va lue  o f  10' 
deg/sec a t  the +sigma l e v e l  .>f conf idence  is  reqdred. This 
equa te s  t o  +4 m ( approx ino te ly  3 p i x e l )  over  t h e  10-minute t ime i n -  
t e r v a l  and &ould provide az epiprslar ccnd: t i o n .  
2 
The o v e r a l i  requirement  f o r  wict iq~ 3etermina t ion  accuracy is be t -  
ter tha:! me arc s e c  (-4 m froai 800 km), This will be a major 
source  of e r r o r .  
c3 S a t e l l i t e  Veloc i ty  
Var i a t ion  i n  s a t e l i i t e  v e l o c i t y  can 3e accounted f o r  i f  a c c u r a t e  
t iming narks can be incorpora ted  i n  t he  d a t a .  GPS is e source  f o r  
t h e  d a t a .  
d )  Measurement Error 
Yeasurement o r  c o r r e l a t i o n  erro: m l i s t  be l imi t ed  t o  wel l  w i t h i n  
one-half  t h e  %ISEX v a l s e  i n  order t o  meet v e - t i c a l  accuracy re-  
quirements .  Thus.'lfrMSEs i n  h o r i z o n t a l  m e a s u r e  must be on t h e  
o r d e r  of 1-2 m. 
e )  R e l i a b i l i t y  of Ground Control 
It  is a n t i c i p a t e d  t h a t  a minimum number of  ground c o n t r o l  p o i n t s  
w i l l  r equ i r ed .  However, they w i l l  have t o  be a c c u r a t e  t o  i -2 m. 
P o s s i b i l i t i e s  f o r  a u t o t r i a n g u l a t i o n  e x i s t ,  b u t  e r r o r  f i g u r e s  cannot 
be determined a t  t h i s  t ime.  
f !  Ear th  Curvature  and Refrac t ion  
Er ro r s  due t o  Earth cu rva tc4 :e  and r e f r a c t i o n  a r e  sys t ema t i c  and can 
be co r rec t ed  during process ing .  The i c f l u e n c e  of v a r i a t i o n s  i n  re -  
f r a c t i o n  is n e g l i g i b l e  f o r  a narrow ( 5 O )  f ie ld-of-view.  
There a re  o t h e r  error sources  which w i l l  need t o  be cons idered .  
However. t he  magnitude o f  t h e  3'- -e e r r o r s  i n  r e l a t i o n  t o  NMAS can 
be es t imated .  
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3.8 REPORT OF THE SUBPANEL ON METHODS OF VERIFICATION* 
The methods of  v e r i f i c a t i o n  subpanel  met for two 4-hour s e s s i c . ? s  on November 
18 and 19,  1981, t o  d e f i n e  research n e r d s  i r .  t h i s  area for Ear th  r e s o u r c e  ob- 
s e r v a t i o n a l  systems. The panel consisted of: 
John C. Lyon 
GSFC 
Maria Kalcic 
NASMNSL 
B.R. S e y f a r t h  
NASA/ NSTL 
Johh Sos 
NASMGSFC 
Gerald Grebousky 
NASA/ CSFC 
Johr, Snyde 
USCS 
A i  Chun Fang 
NASA Headquar t e r s  
R.B. MacDonald 
NASA/ JSC 
W i l l i a m  P .  Clark 
NASA/ CSFC 
Len Caydos 
USGS 
3.8.1 State  of Knowledge 
We refer t o  v e r i f i c a t i o n  a s  a p roduc t ion  o r i e n t e d  q u e s t i o n  because  we are  no t  
r e a l l y  do ing  v e r i f i c a t i o n  fo r  t h e  u s e s  of r e s e a r c h  a c t i v i t i e s .  We're t r y i n g  
t o  v e r i f y  o u t p u t  d a t a  p r o d u c t s  from a p roduc t ion  system for  p roduc t ion  or i -  
e n t e d  users. Included i n  t h a t  c l a s s  of  p roduc t ion  o r i e n t e d  u s e r s  i s  the pro- 
d u c t i o n  system i t s e l f ,  i .e . ,  q u a l i t y  c o n t r o l  of  o u t p u t .  V e r i f i c a t i o n  i s  n o t  a 
well d e f i n e d  problem. We're j u s t  beg inn ing  t o  focus o n  Understanding what 
we're t a l k i n g  about .  The re fo re  we recommend a program t c  improve t h e  s t a t e  of 
understanding and o f  t h e  meaning of v e r i f i c a t i o n  and t h e  a p p l i c a t i o n  of  v e r i -  
f i c a t i o n  p roce3ures  t o  a v a r i e t y  of  s e n s o r  systems.  
3.8.2 Recocnmended Research 
Tne top ics  o f  i n t e r e s t  t h a t  were i d e r . t i f i e d  a r e  v e r y  s t r o n g l y  i n t e r r e l a t e d .  
To shaw t h i s  we have developed a t a s k  f low i n  F i g u r e s  1 ,  2,  and 3. Other t h a n  
having dolre t h a t ,  i t  wa,c found t h a t  there  i s  rlo rea l  p r i c r i t y  scheme t h p t  
cou ld  b e  a s s i g n e d ,  a s  t h i s  is  an i n t e g r a t e d  a c t i v i t y  designed t o  p rov ide  more 
understanding i n t o  what needs t o  b e  done i n  imag- r e c t i f i c a t i o n .  Task o n e  
( F i g u r e  1) is t o  deve lop  v e r i f i c a t i o n  procedures .  Task two ( F i g u r e  2 )  in- 
v o l v e s  an  experiment?: hands-cn da t a  demonst ra t ion  and e v a l u a t i o n  of those 
p rocedures  i n  a c m t r o l l e d  t e s t -bed  experiment .  For t a s k  o n e ,  t h e  flow is  a s  
follows: you f-irst need t o  i d e n t i f y  what performance measures  you ' r e  r e a l l y  
concerned about .  We've suggested a handfu l  of s t a r t e r s  such  a s  t h e  number of 
c o n t r o l  p o i n t s .  r e s i d u a l  c o r r e l a t i o n  mapped across  a n  imaae, ana t h e  d i s t r i b u -  
t i o n  of error$ w i t h i n  t h e  image p l ane  fo r  i n d i v i d u a l  and c o i n c i d e n t  sets of  
images. Using t h a t  i n fo rma t ion ,  i t  is p o s s i b l e  t o  gc d i r e c t l y  t o  e x i s t i n g  
d a t a  and compile  r ea l  and s y n t h e t i c  d a t a  sets t h a t  can  a d d r e s s  t h a t  problem. 
In  p a r a l l e l ,  o n e  c a n  review t h e  c u r r e n t  v e r i f i c a t i o n  p rocedures  t h a t  are  used. 
- 
*Edited oral p r e s e n t a t i o n .  
This is  n o t  a t r i v i a l  undsr tak ing  i n  s p i t e  of t h e  f a c t  t h a t  t h e  c u r r e n t  v e r i -  
f i c a t i o n  procedures  a r e  ve ry  c a s u a l  and unsys temat ic .  "here are  some 
a c t i v t i e s  go ing  on i n  o t h e r  f i e l d s ,  i n  mepping e s p e c i a l l y ,  t h a t  have orde- ly  
procedures  t h a t  a r e  n o t  e x a c t l y  remote sens ing  o r i e n t e d  procedures  b u t  can  b? 
t r a i n i n g  grounds fo r  a subse@i-nL t a s k .  From t h e  e x i s t i n g  procedures ,  i d e n t i -  
f y  and recommend t h e  ones  on hand t h a t  3re u s a b l e  ir, an o p e r a t i o n a l  system. 
deve lop  a d d i t i o n a l  t echn iques  necessa ry  w i t h  some s y n t h e t i c  d a t a  sets ,  and 
perform s p e c i f i c  tests on i n d i v i d u a l  package procedures  t o  ana lyse  t h e  
r e s u l t s .  The end r e s u l t  then  i s  a set of  v e r f i c a t i o n  prdcedures  and sof tware ,  
or a t  l e a s t  a l g o r i t h m s ,  t h a t  can be useab le .  P.e obicput of  t h a t  t h e n  goes  t o  
t a s k  two, which is t h e  v e r i f i c a t i o n  experiment .  
Task t w  i s  t h e  end-to-end t e s t  experiment .  b e  v e r y  f i r s t  s t e p  i n  t a s k  two 
i s  t o  i d e n t i f y  t h e  t e s t  bed. There are s e v e r a l  possible o p t i o n s  and i t ' s  a 
matter of t iming  and some o ther  s u b t l e  d e t a i l s  t h a t  r e l a t e  t o  e x a c t l y  what 
procedures  and requi rements  you want t o  develop.  The ou tpu t  o f  t h e  f i rs t  p a r t  
of t a sk  o n e  del i r ieates  w h a t  v e r i f i c a t i o n  you r e a l l y  want t o  d o  t h a t  w i l l  h e l p  
t o  choose a tes t -bed.  The obvious  choices  on-hand are Landsat  PSS d a t a  o r ,  i n  
t h e  nezr  f u t u r e .  the Landsat-D d a t a  process ing  capab i l i t i e s .  The n e x t  s t e p  i s  
t o  des ign  t h e  e x p e r i r e n t  t o  t e s t  v e r i f i c a t i o n  procedures .  lhis procedure  i n  
development and s e l e c t i o n  a c t i v i t y  is from t a s k  o n e ,  a s  i t  i s  e s s e n t i a l l y  t a s k  
one  t h a t  feeds i n t o  t h a t  knowledge of t h e  s e n s o r  system i t s e l f ,  i n c l u d i n g  er- 
ror budgets ,  as a p a r t  of e s t a b l i s h i n g  t h e  d e s i g n .  Then i t ' s  a n a t t a r  of i m -  
plementing t h ?  oxperiment.  The o u t p u t  of do ing  software o r i e n t e d  measuremeats 
on  s tz t ldardized d a t a  sets allows one  t o  perform some accurasy  measurements. 
You want t o  pay v e r y  close a t t z n t i o n  t o  t h e  feedback loop so t h a t  when you g e t  
p a r t  way the re  yoc s t a r t  lootcing a t  t h e  u s e r s  on t h e  other  s i d e  of t h e  i n f c r -  
mation system t h a t  need t o  see t h e  r e s u l t s  t o  h e l p  better understand what t h e y  
real ly  wanted to have asked  you fo r  i n  v e r i f i c a t i o n .  That  f i n a l l y  l eads  you 
t o  moving one s t e p  beyond t o  t h e  i n t e r n a l  prob?.em and you s t a r t  d e r i v i n g  t h e  
error s o u r c e s  observed and f i n a l l y  report and assess the  r e s u l t s  of t h i s  
experiment .  
Tables  I and I1 o u t l i c e  i n  summary form the  r equ i r ed  e lements  f3r each t a s k  
d e s c r i b e d .  
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FIGURE 1. TASK ONE: ACTIVITY FLOW 
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4.0 PRESENTATIONS ON USER NEEDS 
4. i INTRODUCTLON 
It WEIS t h e  pu-pose of t h e  User Needs p r e s e n t a t i o n s  t o  d i s c u s s  t h e  imp l i ca t ion ,  
of s s t e l l i t e  image p c s i t i o n a l  accuracy c a p a b i l i t i e s  upon t h e i r  d i s c i p l  & n e t s  
use of t h e  d a t a .  t l l s c i p l i n e  e x p e r t s  d i scussed  t h e  manner !n which d a t a  a r e  
inco rpora t ed  i n t o  the i r  inven to ry ,  d e c i s i o n ,  o r  a n a l y s i s  models and opcra- 
t i o n s .  For each d i s c  i p l i n e  a r e a ,  moni tor ing  and d a t a  base  i n t e g r a t i o n  strd- 
tegin.s  were d i scussed :  i n  pa r t l cu l . a r ,  i m p l i c a t i o n s  f o r  r e g i s t r a t i o n  and rect i -  
f i c a t i o n  requirements .  I n  a d d i t i o n ,  t h e  d i s c u s s a n t s  po in ted  o u t  t h e  p o t e n t i a l  
be?efit  t h a t  m:ght acc rue  from improved registration/rectification dccL;racy. 
W ere a p p  c a b i e ,  t h e  d i s c i p l i n e  e x p e r t j  d i scussed  t h e F r  des i re  t o  i m p l r i e n t  
m u t i t e m p o r a l ,  m u l t i s t a g e ,  and m u l t i s e n s o r  d a t a  source?  f o r  addres s ing  a prob- 
lem, a s  t h e s e  i m p l y  c o n s t r a i n t s  on r e g i s t r a t i o c  and r e c t i f i c a t i o n  a c c u r a c i e s .  
Users a l s o  desc r ibed  t h e  exper imenta l  des ign  (e .g . ,  .--mpl e segments o r  Pill- 
image a r e a  coverage)  ussd t o  ana lyze  a problem. 
4.2 USDA REGISTRATION A M I  RECTIFICATION ReQUIKEMENTS 
Kich Allen 
Statist ical  Reporting Service 
U.S. Department of Agriculture 
I am glad to h&ve this opportunity to discuss some of the requirements of t h e  United 
States Department of Agriculture (USDA) for  accuracy of aerospace acquired data,  and 
specifically, requirements for registration and rectification of remotely-sensed da ta  
acquired by space vehicles, such ds Landsat, t he  Shuttle, and so on. The views presented 
are for the most part  my observations and opinions from work completed to da te  or 
underway in the  Depv tmen t  of Agriculture since only limited ciacumentation exists on t he  
accuracy required for tegistration and rectification as such. 
Defimtion of Terms 
I t  is perhaps wise to f i rs t  explain t h e  te rms  to be used in the presentation. One of the 
organizers of this conference indicated tha t  registration refers  to the accui acy of location 
of identical points on repeated acquisitions of data while rectification refers  to accuracy of 
matching remotely-sensed da ta  with corresponding points on t h e  ground. Many peop!e in t h e  
USDA use the  expressian "registration" for matching both scene-to-scene and scene-to-map 
and use t h e  te rm "rectification" for indicating accuracy of maps or aerial  photographs. I 
will t ry  to utilize the  announced defiri t ions of this conference, although I may of ten use t h e  
broader te rm of positional accuracy to refer to t h e  USDA requirements. 
Remotely-Sensed Data: An Important Source of Information 
In order ts cdrry out  its assigned missions, t he  Department of Agriculture must have 
information relating to observations of soils, c r r y ,  and other physical features.  For 
ewmple ,  we identify and map sc il types, monitor conservation practices and conservation 
s--rvrtures (construction of new conservation measures), and verify farmers' compiiance with 
planting restrictions under various f a rm programs. All of these types of informztion 
programs have intense, detailed da t a  needs. Aerial phctogiaphy has been utilized to provide 
much oi the needed da ta  for these programs. An aerospace sensor is not now foreseen as 
k i n g  capabie of providing comparable da t a  required in such domestic programs. I 
emphasize t h e  term "domestic". However, we can charactzr ize  t h e  positional accuracy 
needs of these information programs, and, in so doing, may provide general  guidance for 
aerospace sensor development programs. 
needs above, t * sznsor wocld hdge to have spatial  resolution similsr t o  tha t  of aerial  
photography t o  be judged useful to USDA or, bet ter  put, t o  be competit ive with aerial  
photography. By t h e  same analogy, the  USDA would need t h e  same rectificaticn as with 
aerial  photography t o  utilize tha t  spatial  resolution. 
If an aerospace sensor could be develo-xd, budgets permitting, to satisfy some of the  
Satell i te Data Uniquely Suited for Specific Prcgrams 
However, in this paper I want t o  concentrate  on four other types  of information 
programs, ones for which satell i te da ta  are being routinely used or a+ least currently 
investigated fo: possible use later. In these, because of t h e  unique features of the 
requirements. satell i te data are "competitive" with other information sources. These four 
information programs are: 
Foreign crop forecasting 
Domestic crc? acreage estimation 
forestry information applications 
Kangelaiid cond; tion evaluations 
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I believe there  arc  similarities and contrasts among these four programs which will illustrate 
t he  range of USUA requirements for positional accuracy. These examples are not considered 
an exhaustive list of USDA's present interests  for satellite data. 
Landsat and Metsat Data  Used for Foreign Crop Conditior. Assessment 
The foreign crop assessment approach tha t  I wish to discuss is t h a t  of t h e  Foreign 
Agriculture Service's Foreign Commodity Condition Assessment Division (FCCAD). FCCAD 
is processing large numbers of satell i te scenes from bnth Landsat and meterological satell i tes 
in i t s  current efforts to moo.; -3r areal ex ten t  of anomolies and production of major crops in 
selected foreign areas. For ;he most part, F L A D  does not have access to ground collected 
data. Thus, it depends ari ser-isntial  reviews of satellite d a t a  as a pi-ocedure for monitoring 
and evaluating change. 
Presently FCCAD does not perform any registration on t h e  d a t a  received from Landsat 
in the  form of High Density Computer Com2atible Tapes. Each scene is reduced to subsets 
or samples of full resoiution data by subsampling rows and pixels to obtain a da ta  set betrer 
suited to FCCAD's processing capabilities. This reduced d a t a  set can then be dis?layea on 
image processing equipment as raw data or by transforrna.'ion to vegetative indexes, which 
measure t h e  "greenness" of plants, and are indicators of plant vigor and stress. The 
Vegetative Index approach is an  e f fo r t  to standardize responses and allow meaningful 
comparisons within seasons and across seasons. 
Much of t h e  present analysis of FCCAD involves caiculation of average values for a 
25-mile square grid. Without registration procedures the re  may be some shifting of points 
included in a particular grid celi from acquisition to acquisition but t h e  s h f t i n g  should be 
minor compared to the  size of t h e  grid cells. 
not an optimum one in FCCAD's point of view but, in light of equipment and personnel resources 
and t h e  volume of data being handled, i t  is not feasible to devote t ime to registration 
activities at this time. If each  satell i te xene obtained had consistently "high" positional 
accura-y to t h e  ground and thus to corresponding scenes of other data ,  FCCAD wculd be 
interested in a major refinement of i ts  multi trmporal analysis procedure. A much bet ter  
measure of changes in conditions (3r crop a r e a  could Se obtained if the d a t a  for specific 
sampling segments could be matched throughout a season and across seasons. Based on t h e  
spatial  resolution of t h e  current Landsat hluitispectrai Scanner (MSS) this might mean use of 
a segment of approximately 15-20 square miles in size- All data,  i.ncluding vegetative indices 
or other transforinarions, would be calculated an:! stored for these segments. 
approach if satell i .  e da ta  wet e rectified or registered to a mean accuracy of plus or minus 
one pixel. This error in location from acqdisition to acquisition would be small enough 
compared t o  the  size of t+e segment tk. be effective. 
would likely remain at one pixel. Its approach might become one uf utilizing somewhat 
smaller segment sizes but with ddta  registered withirk one pixel to maintain t h e  same  relative 
accuracy. 
The approach of not performing any additionai registration of satell i te acquired da ta  is  
Based on the  size of t h e  segment visualized i t  would be reasonable t o  e q l i o y  this sampling 
If  s sensor with finer spatial resolution was available, t he  FCCAD's accuracy requirement 
Use of L -.ndsat :?ata for domest ic  LiOp Acreage Assessment 
Hesearch into th- 11se of Landsat M S S  d a t a  by t he  Statistical Keporting Service (SKS) 
for  t he  improvement ,reage est imates  of rnaicr dornestic crops provides a marked cor,trast 
to t he  procedures for loreign areas. Unlike the Foreign Agricdtural  Service which Gften llbj 
no ground data,  SKS has available a sainplc of gro:lnd observation data which by i tsdf Frovidcs 
an accurate  esrrmate of acreage. 
One of the rnajor inputs to crop acreage t s t imates  in the United States  IS t he  Ciine 
Enurnerati:.e Survey (JCS) conducted each year by SRS in the 48 coterrninou; states. The JES 
is a probability c r e a  f r a m e  survey in which each  state has been divided into land use s t rd t a  
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based on percentage of culrivation and type of !and use. Each st ratum is divided into 
sampling units. with size depending on the  stratum. In the  Midwesi, iztensive agricultural 
sampling units or segments are typically one square mile in size. Segment sizes ir! rangeland 
strata a r e  much larger and sizes in residential cr commercial  5tratA are much smaller. 
The JES surve!- provides es t imates  of major crop a-xeages with coefficients of 
variation ranging from 2.5 pe.*cent to 6.0 percent in  major states. At  the U.S. level these 
coefficients of vari.ation are as small as 1.0 - 2.0 percent. 
Thus, the SKS research effort is an a t tempt  to improve the  precision for relatively 
"good" acreage estimates. TSis is in direct  contrast  to the foreign crop forecasting 
poblem. Therefore, t he  ; e m a d s  for positional accuracy are much higher. 
classification results, and for estimation of acreage through a regression estimator.  The JES 
da ta  is closely edited on a field-by-field basis. Random fields of each cover of interest  are 
selected for training. The SKS approach ex t rac ts  interior pixels of training fields for 
labelling so i t  IS important to ensure accuracy of field locations. The t r a i n k g  fields for a 
scene are selected from JES segments located thraughout the scene. Typically, about M 
segments are available in a Landsat scene. 
Once an analyst is satisfied with the  c i u t e r i n g  relationships for a scene, each 
segment in t h e  scene and the en t i re  scene (within boundaries of geographic counties and 
excluding cloud covered areas) classified. The classification of segments provides the  
correlation results and regression pa:ameters. The classification 0, t h e  en t i re  scene 
provides an  adjustment for any differences in c rop  acreage relationship between the 
sample of segments and the ent i re  population of possible segments within t h e  scene. 
SKS is relative efficiency. Relative eff ic iency is defined as the variance of the direct  
expansion (ground) es t imate  divided by tne  vat-iance of t h e  regression estimator.  This 
number indicates what amount of ,dditional ground ckta would be needed to givq an 
es t imate  with the  same precision as t h e  regression e s t i m a t o .  Relative efficiencies in 
practice have rar.ged f rom 2.0 to 4.0 or higher in most situations. 
The research approach tha t  SRS uses for full state est imates  (having 3 revised acreage 
es t imate  by the  end of the estimation season) was first utilized in 1978 for t h e  S t a t e  of Iowa 
an8 has been u ~ l i z e d  in 1980 for Iowa and Kansas and in 1981 for those two Sta tes  plus 
Missouri and Oklahoma. Based on those experiences and other ..esearch SRS is projecting an  
approach of utilizing uritemporal satel l i te  da t a  for es t imates  rarher than a multitemporal 
approach. While multitemporai da t a  f!ave been used ,n3 would give be t te r  discrimination 
for some classification problems, it is r a re  to obtain eioud f r ee  images during the  growing 
season in the  Midwest or the Great  P l a n s  Some c o a x i e s  in a scene are usually lost due to 
clouds in t h e  growing season acquisition da te  3nd if other counties are lost in a spring scene, 
the resultant multitemporal da t a  set might not ha\ P enough segments remaining :or proper 
training and estimation. SRS does have multitemporal procedures on line and will use them 
for  !and cover es t imates  and for crop research in areas SGL? as California. 
ShS uses the  JES da ta  for training of classification algorithms, fo r  testing of 
The measure of effect iveness  of using the  satel l i te  da t a  which is most meaningful to 
Two S t a g s  of Registration Insure Pxi t iona l  Accuracy of Landsat ItlSS Usta 
Since t h e  S H S  approach depends on the  use of very specific da ta  sets of fields for 
training it is i ;)portant to match as exactly ds possible the  satell i te and ground locations. 
Fr-eser.tly SKS uses two stages of "registraticn" to insure adcquate positioilal accuracy of 
LaEdsat MSS data. The first effoit is called "global registration". A sample of points is 
se!ected across t h e  s e n e  from transparency da ta  products. The corresponding points on 
U.S. Geologicai Survey base nap ;  a r e  located and digitized. A mathematical  tvnsformat ion  
is caicu!A.ted to cdjust all pixels t3 predicted longitude/larltude locations. rlu, process 
usually ends up witii rectification within f I to 2 pixels across t h e  scene. This operation is 
now performed by the  Remote Seri;i?g Granch Su port Staff and most scenes can bc 
"registered'  in about 3 hours, even with edititkg ,P outller p i n t s .  
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The second s tage  of "registration" is  called "local segment shifting" by SRS. This stzp 
is necessary because of scanner anomalies. A gray scale of a window enclosing the  
predicted segment is  created. An overlay of t h e  digitized segment and field boundaries 
(printed on transparent paper at satell i te data scale and with boundaries adjusted for t h e  
path of t h e  satell i te)  is  then placed over t h e  gray scale. The overlay is shifted as Qeeded to 
properly line up segment and field boundaries. This row and column shift  from predicted 
location is then utilized to correctly identify t h e  mast  accura te  location of each  field in t h e  
segment. 
This segrnenr shif cing processing resuits in rectification of data to t h e  nearest  one half 
pixel for each  segment. N o  adjustment is made in t h e  remainder of t h e  scene from t h e  first  
stage of rectification. Experience has shown t h a t  t h e  segment shifting adjustments will 
norinally vary across t h e  scene in direction and size of shifts so t he  segment shifting results 
are not imposed on t h e  global rectification stage. This indicates t ha t  although SAS needs K 
pixel accuracy for small scale classification of segments t h e  accuracy of 1 pixel 3r so across 
the  r e s t  of t h e  scene ia sufficient. There are large numbers of pixels associated with each  
s t ra tum within a scene and t h e  1 pixel potential error  is not a critical percentage. SKS 
would replace ei ther  or both of these "registration" procedures if data received always were 
rectified to t h e  appropriate accuracy. 
The "43 meter Accuracy Kequirement" Better Stated as "One-half Pixe!" 
This might be :he best point to discuss t h e  USDA's "40 meter  accuracy requirement". 
In t h e  Domestic Crops and Land Cover project of t h e  AgRISTAKS research program SRS has 
specified 40 meters  as t h e  desired precision for both scene-to-scene and scene-to-map 
applications which utilize LANDSAT MSS data. Some members of t h e  remote sensing 
community have interpreted this to be an  absolute (ground distance) requirernent. The 40 
meters  originated because t h e  resolution of t h e  MSS data as acquired was assumed to be 80 
meters. Aczuracy t o  a haif pixel would be 40 meters. Regardless of effect ive pixel s ize  due 
to  processing techniques t h e  40 meters  was regarded as the  feasible positional accuracy for 
Landsat MSS. The 40 ineters is not t h e  important meazure; t h e  half pixel is t h e  key. 
SdS regards one half pixel to be t h e  accura :y goal for any advanced resolution sensor. 
This is due to t h e  emphasis on providing t h e  most accurate  d a t a  set for training on a field to 
field basis. A sensor with improved resolution such as the  thematic  mapper should result in 
improved classification results but only if a pure training and testing set can  be insured. 
Rectification and Registration in Farestry Applications 
The U S .  Forest Service (USFS) has utilized aerial photography as a tool in providing a 
number 01 inventory and management needs. The GSFS approach is similar to tha t  ut SKS in 
that  qround observation d a t a  is or can be available. The USFS objectives a r e  more 
demanding than those of SKS because a variety of types of information are desired. Instead 
of just estiinatii!g a r e a  of forest  land the re  is a need ior determination of forest  types, 
measures of change, and some detailed est imates  such as the  annual increment of 
production. USFS is often interested in production est imates  for land with considerable slope 
aid varied terrai:) in contrast  to the ielativeiy level terrain for crop acreage estimates.  
The USFS has a major research effor t  refer:ed to as the hlultiresource Invsntory 
iilethods Pilot Test  (XllltlP?') which is an advanced demonstration of the use of Landsa? 
satellite technologj to suDplement current methods of conducting rezurrent invmtories  
over large land areas. The base program has established a !ai ge sainple of sites which can 
be periodically monitored for chtnge and new resource assessment data. Much of t h e  
necessary data  can be obtained frQm aerial photography and thou: ands gf aerial photos a re  
utilizea when new photography acquisitions become available. The basic ccference link is 
prcvided by 7-11,? minute LSLS quadrangle maps. 
Kesults from the  f i rs t  phases of the MIMPT indicated tha t  computer interpreted 
Landsat dath combined with da t a  f rom a relatively few aerial  photos can replace human 
interpretation of thousands of photos t o  es t imate  land use acreages. When the  Landsat data 
are included in a geographic information system with other da t a  sources such as topographic 
and soils data ,  i t  is possibie to derive variables needed in rnultiresource surveys such as 
sedimentation, disturbances and other  spatial dependencies such as public use, utilities, or 
transportation initastructures. 
Because of t he  combination of Landsat da t a  with other data in a geographic 
information system and t h e  necessity to extract specific features from ground sites for 
training and evaluation, very precise rectification of imagery is needed. The desired 
accuracy of t h e  USFS would be rectification of 95 percent of all pixels within ground sites 
to within + 20 meters  cf t rue  ground location. This very precise goal is because of t h e  
irregular chape of many features  being observed and of other variables such as topographic 
information. In this specific application, t h e  agency requirement is s ta ted  in te rms  of a 
physical measurement irrespective of pixel Size, in contrast  to FAS and SRS requirements. 
Rangeland Applications: One Pixcl Accuracy May be Sufficient 
The last aerospace rewote  sensing application of t h e  USDA tha t  I would like to discuss 
is tha t  of assessing rangeland condition. I will not a t t empt  to discuss any prograins of t h e  
Bureau of Land Management related to rangeland carrying capacity or other measures. 
Instead I want to focus on research interests of USDA, notably of t h e  Soil Conservation 
Service (SCS). Although some initial work has been done, research is kically just get t ing 
underway, and conclusions on accuracy a r e  ten ta t ive  at best. 
SCS is interested in such factors  as conservation needs ot rangeland as well as r m g e  
condition and biomass production. There is a great  need for  additional research into 
methods for  using satel l i te  data in proper estimation of range condition. Rangeland 
typically is quite variable across an  area of any size. That is, there  is not usually the  
homogeneity tha t  would be expected in a field of a planted crop. Sampling procedures tend 
to obtain kinds and amounts of bior,iass for relatively small areas, often for points selected 
by the range conservationist on t h e  g r c m c  which are "representative" of conditions 
observed. 
utilize an image as a stratifica?ion device and to collect  biomass d a t a  for each s t ra tum 
present in the  image. However, while range condition changes with longer te rm use or 
abuse, range biomass changes quickly with rapid response to rainfall and drought. By the  
t ime an image is available, interpreted, and in the  hands of a person on the ground, t he  
conditions may have changed drastically. Thus, some type of sampling approach is needed 
which collects da t a  at cr near t h e  t ime of satel l i te  da ta  acquisition to be re lated by cluster 
analysis or some other type of estimation based on the satel l i te  data. 
da ta  over some t y p e  of grid pattern. Collection of da ta  for enougn grid points and 
collection of biomas; (or other information) for a large enough unit at each point to 
minimize within sanipling unit variation would allow estimation through a poststratification 
approach with t h e  s t r a t a  based on the satel l i te  imagery. Satell i te da t a  has not proven to be 
easily integrated into SCS's conventional range site and condition surveys, nor t9 t h e  point 
sample used in SCS national inventories but i t  i? an approach of great  clJrrent inte, est. 
Fince t!\ere will not usually be "field" boundaries in rangeland areas  it will not be 
possible to inatch dbta as precisely as in the  SKS crop acreage approach or the Forest  
Service approach. Kectification of one pixel accuracy or registration at one pixel accuray if  
repeti t ive coverages a r e  interpreted should be adequate in light with the t y p e  of ground da ta  
availaSle. As with  most other USDA applications registration or -ectification needs for new 
sensors would contilaw t o  be in term of one pixel accuracy rilther than a specification in 
terms of absolute meters. 
One approach which might k helpful t h e  evaluation of rarlge condition wculd be .ci 
One approach which might be applicable to t h e  SCS information needs is to collect  
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Sampling vs. Whole Frame Studies 
One topic of interest to individuals concerned with registration ani rectification is 
differences in requirements for sampling approaches versus whole f rame studies. From my 
viewpoint of USDA requirements I feel  tha t  t h e  answer is contained in the  examples cited. 
For estimation purposes when whole f r ame  est imates  are crea ted  in t h e  SRS approach or 
when FAS desires to make est imates  for areas without corresponding ground da ta  positional 
accuracy of one pixel is sufficient. However, when sampling approaches a r e  used such as 
t he  SRS matching of ground d a t a  with corresponding satellite da ta  for training or the  USFS 
matching of various ground da ta  i tems  with satel l i te  data,  positional accuracy is more 
cri t ical  and one-half pixel or greater  accuracy is needed. These accuracy requirements a r e  
relative to t h e  purposes for which t h e  da t a  a r e  used and should be thought of as related to 
the  resolution of each  sensor and not n o r m i l y  as absolute measures of ground distances. 
Need for Standardized Concepts 
As a closing note I would like to comment on observations from the  communications 
during the  past two years and particularly f rom t h e  past i ew weeks in preparing €or this 
workshor. Disagreement in ueiinition of te rms  was already addressed in the  opening of the  
paper. 1 
misunde standing. 
if all pecple ..sing i t  have t h e  same concept of how to calculate RMS error and I feel  from 
discussions many users are misunderstanding what is meant by a cer ta in  result. At least as 
used by the Statist ical  Reporting Service RMS error is a confidence interval s ta tement  t ha t  
two-tl .  .rds of all pixels will be within plus or minus tha t  distance from "true" iocation where 
t rue  location may come from arrother da t a  scene or  f r c r  msp locations. Since so much 
emphasi: has been placed on this RMS concept some cat; Ljers may believe tha t  "all" da ta  
a r e  within this RMS bound. SKS has zdopted a procetuie  of ca l cda t ing  a secohd accilracy 
measure, the R-90 criterion, which is t he  radius of a circle containiqg 90 percent of t he  
deviations of pixels from "true" !ocations. This is felt to convey more information about t he  
accuracy of registration or rectification than just the  KMS calculation. In the  Forest 
Service example above, t he  da t a  USUS a r e  interested in knowing how precisely 95 percent of 
all points a r e  registered which is esserttially a <:stance equal to twice the  KMS measure. 
positional accuracy and can educate  users as to  proper inter?retation of accuracy 
s ta tements ,  i t  will have accomplished a grea t  aeal. 
-.n within the  use of a particular definition I think there  is considerable 
AiL;:wgh t h e  te rm "RMS" error as in "40 meters KMS" is widely used, I would question 
If this workshop can publicize procedures icr properly measuring or calculating 
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4.3 NEEDS FOR REGIST~ATION AND RECTIFICATION OF SATELLITE IbIAGERY FOR 
I A N 0  USE AND LAND COVER AND HYDROLOGIC APPLICATIONS 
Leonard Gaydos 
J.S. G e o l o g i c a l  Survey 
240-8 A m e s  Research Center 
Moffe t t  F i e l d ,  C a l i f o r n i a  94035 
ABSTRACT 
Many l and  use and l a n d  cover  and h y d r o l o g i c  a p p l i c a t i o n s  require  t h e  
u s e  of s a t e l l i t e  imagery =lid d a t a .  Maps ana . " r ega t ions  a r e  made from 
t!;e d a t a  which might e x i s t  i n  c o n c e r t  wi th  other d a t a  i n  a g e o g r a p h i c  
i n f o r m a t i o n  system. Users have 5asic needs for r e g i s t r a t i o n  and 
r e c t i f i c a t i o n  of s a t e l l i t e  imagery r e l a t e d  t o  s p e z i f y i n q ,  r e f o r m a t t i n g ,  
and o v e r l a y i n g  t h e  d a t a .  P r e s e n t l y ,  each  u s e r  musk accomplish t h e s e  
tasKs independet ly  because t h e  p r e s e n t  d a t a  pre-procezs ing  system is 
u n r e l i a b l e .  These data a r e  s u f f i c i e ' n t  for users who m u s t  expand mdch 
e f f o r t  i n  r e g i s t e r i r q  d a t a .  These u s e r s  have requi rements  concern ing  
p r o j e c t i o n ,  p i x e l  s i z e ,  resampl ing ,  and accuracy ,  and most w o u l d  542 
n3t i s f :ed  w i t h  data t h a t  met t h e  s t a n d a r d s  proposed,  b u t  not c o n s i s t e n t l y  
a c h i e v e d ,  f o r  t h e  p r e s e n t  system. 
APPLICATIONS 
Users of s a t e l l i t e  imagery .:or l and  use  and l and  cover Qr hydroloqic  
ap;:ications g e n e r a l l y  a r e  i n t e r e s t e d  i n  i n t e r p r e t i n g  l a n d  u s e  and land 
cos'er from t h e  d a t a  t o  produce maps and a g g r e g a t i o n s ,  i n p u t t i n g  t h e  d a t a  
i n t c  geographic  informat ion  systems,  d e t e c t i n g  changes over time, and 
l i s inq  d e r i v e d  d a t a  i n  a p r e d i c t i v e  f a s h i c n  (URI, 1979) .  A n c i l l a r y  d a t a  
is i;r;ortant i n  overy s t e F ,  and the a b i l i t y  t o  i n c o r p o r a t e  such d a t a  i n t o  
t k e  a n a l y s i s  p r o c e s s  d i r e c t l y  i n c r e a s e s  u t i l i t y  f o r  such a p p l i c a t i o n s  as 
in~~en:oryiriij.  a acaq ing ,  and p lanning .  The h y d r o l v i c  a p p l i c a t i c n  is 
: . ? a l l y  a subset  of t h e  n o r e  g e n e r a l  land use a d l and  cover  appl ica-  
t i s n c .  F r e q u e n t l y ,  - z r t i c u l a r  c a t e o o r i e s  of l a n d  and lapd rover  
dffecting the hydrologic  buuget ( s u c h  a s  i r r i g a t e d  a q r i c u l t u r a l  l a n d )  a r e  
fiiriFce4 3rd u t i l i z e d  i n  hydro logic  aodels (much like yeographic  informa- 
t:Cn syctems)  w i t h  o t h e r  d a t a  se ts .  
'T!.cse u s e r s  i n t e r e s t e d  i n  a r e a s  a t  l e a s t  d s  l a r q e  a s  m u l t i p l e  c c u n t i e s  
make most use af t h o  p r e s e n t  5 e n e r a t i o n  of c e t e l l i t e  imager:.. N e ' l l  
focus on one p r o s p e c t i v e  user ,  t h e  U . S .  Geologica l  Survey (USGS) to 
i l l u s t z a t e  needs most o t h e r  ' J s e r s  c a n  be expec tea  t o  have. 
. . (. u d ; S  began a program i n  ! " ? 4  t o  nap l a d  ilse and land CC)VC?K for  t he  
e l i t i r e  S a t i o n ,  t o  d i g i t i z e  t h e  r e s u l t i n g  polygons,  and t o  make t h e  d a t a  
a v a i l a b l e  fo i  use i n  geographic  i n f c r m a t i o n  systems. Although p r e s e n t  
s a t e l l i t e  d?:a 9ave not been uced 3s primary source m a t e r i a l ,  d a t a  3m 
i.-,.groved s e n s o r  twzkages r a y  prove more u s e f u l .  In any c a s e ,  sat  
~ 1 , 3 t ~  can De expected to p l a y  a r o l e  i n  i d e n t i f y i n g  a r e a s  in neet4 of 
u;:t.iating ( n i l a z z o ,  1380)  , and Landsat  d i g i t a l  d a t a  have provcd 7 r ? i l u ~ h l o  
i n  ; q i o r ~ s  where otL-,ec sou rce  m a t e r i a l  is  lack.'.ng (Morr i ssey  acd Ennis ,  
: 3 6 : ) .  
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T:?e :Jater  Resources D i v i s i o n  of VSGS has a need to  map s p e c i f i c  c a t e -  
g o r i e s  of l and  use and land cove r  a s  an ind i r ec t  e s t imto r  of water  use. 
F i e i d  measurements and a n c i l l a r y  d a t a  a r e  used to de te rmine  t h e  ave rage  
amount o f  water  used f o r  each h e c t a r e  of a g iven  l and  use and l and  cover.  
T h e  r e s u l t i n g  d a t a  a r e  used i n  c m b i n a t i o n  wi th  o t h e r  l a y e r s  o f  ' a t a  such 
a s  r echa rge  and disc: ,arge r a t e s  and p r e s e n t  s a t u r a t e d  t h i c k n e s s  ~r an 
a q u i € e r  t o  p r e d i c t  f u t u i o  s a t i l r a t e d  t h i c k n e s s  g iven  a l t e r n a t i v e  water  use 
2 l a n s .  A h y d r o l o g i c  model is used f o r  c h i s  a p p l i c a t i o n  i n  much t h e  same 
way t h a t  a geographic i n f o r m a t i o n  system might be used to  re la te  m u l t i p l e  
l a y e r s  of d a t a .  
BASIC XEEDS 
Land use ana l a n d  cover  and h y d r o l o g i c  a p p l i c a t i o n s  u s e r s  have b a s i c  
needs for r e g i s t r a t i o n  and r e c t i f i c a t i o n  of s a t e l l i t e  imagery: (1) t h e  
u s e r s  m u s t  be a b l e  t o  l o c a t e  d a t a  when g i v e n  geograph ic  c o o r d i n a t e s  o r  to 
f i n d  geograph ic  c o o r d i n a t e s  g i v e n  d a t a  c o o r d i n a t e s ;  ( 2 )  i t  m u s t  oe 
p o s s i b l e  t o  r e fo rma t  t h e  d a t z  to  f i t .  g iven  map p r o j e c t i o n s ;  and ( 3 )  
s c e n e s  of t h e  same area from d i f t e r e n t  times must o v e r l a y  each o t h e r .  
P r e s e n t l y ,  each  use r  s o l v - s  t h e s e  problems independent ly  w i t h  d i f f e r e n t  
deg rees  of s u c c e s s  and a t  va ry ing  c o s t s .  T y p i c a l l y  t h e  c?r f i r s t  f i n d s  
a s e t  of 30 u r  more c o n t r o l  p o i n t s  f o r  a L+ndsat scene t 5 a t  can be 
i ? e n t i f i e a  on t h e  imagery and on t h e  l a r g e s t  s c a l e  maps a v a i i a b l e .  
Nethods d i f f e r  somewhat. Some u s e r s  i d e n t i f y  c o n t r s l  2 o i n t s  from a 
a i o i t a l  d i s p l a y .  O t h e r s  p r i n t  g r a y s c a l e s  f o r  a r e a s  su:roucding l i k e l y  
c o n t r o i ' p o i n t s  o n  a l i n e p r i n t e r  and c o r r e l a t e d  then  w i t h  t opoqraph ic  
naps. Map c o o r d i n a t e s  a r e  determined e i t h e r  through measu rmen t  w i t h  a 
l a t  i tuae / long  i t u d e  "r U n i v e r s a l  T ranve r se  Mercator (.UT:4) c c o r d i n a t  es.  
Second- or third-degLee polynomials  a r c  compnted t y  a n a l y z i n g  t h e  k-ontrnl 
Feints and d i s c a r d i n g  t h o s e  i n a c c u r a t e l y  de t e rmined ,  T h e s e  polynorttials 
a r e  used as  a c a l i b r a t i o n  f i l e  t o  r e f e r e n c e  t h e  d a t a .  O t h e r  d a t a  can 
t h e n  be r e s i s t e r e d  t o  t h e  Landsat  base through t h e  c a l i b r a t i a n  Eile ever! 
t n o u y n  t h a t  base m i g h t  n o t  a c t u a l l y  be i t s e l f  r e g i s t e r e d  to a map. 
For d i s p l a y  of Landsat d a t a  as a map, though, a d d i t i o n s l  p r o c e s s i n g  is 
r e q u i r e d .  , - y p i c a l l y  t h e  Landsat d a t a  wili be r e g i s t e - . - l  t o  a map base by 
s ~ e c i f y i n g  a c a l i b r a t i n n ,  d e s i r e d  p r c j e c t i o n ,  s ize  of f i n a l  p i x e l ,  and 
resarnpJ.ing scheme. T h i s  p r e c i s i o n  r e f o r m a t t i n g  is a computa t ion - in t ens ibe  
p rocedure ,  and n o t  eve ry  user is a b l e  to accomplish it. 
U t i l i z i r ?  more t han  one L a n d s t  s cene ,  e i t n e r  t o  mahe of temporal 
d a t a  i n  an a n a l y s i s  or t o  d e t e c t  .change w i t h  time, r e q u i r e s  r e q i s t r a t i o n  
of cne Scene t o  ai lother .  Again t h e r e  a r e  man:' wa;'s to  a c c o n p l i s h  t h i s  
t a s k .  Some l ;cers  use a modified *rersio.r  of t h e  c o n t r o l  p o i n t  procedure 
used  t o  r e g i s t e r  a scene w i t h  a map. A d i g i t a l  d i s p : - v  o r  g r a y s c a l e s  a r e  
used t o  f i n d  c m t r o l  p o i n t s  o n  each  scene ,  and c a l i b r a t i o n  is e s t d b l i s h e d  
based on a polynomial.  4 less l a b g r - i n t e n s i v e  methr,d is t o  use au to -  
c c r r e l d t i o n  t e c h n i q u e s .  sometimes combined w i t h  gradimnt i d e n t i f i c a t i o n  
tc&Jhiiiques,  cn 3 comsuter.  T h i s  a u t o m a t i c d l l y  f i n d s  control p o i n t s  t h a t  
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c a n  t hen  be e d i t e d .  I n  adal i t ion to  t h e  labor-saving ad-Jantages,  Such 
systems f r e q b e n t l y  a r e  a b l e  t o  f i n d  many rricre c o n t r o l  p o i n t s  t han  t h e  
a n a l y s t  is w i l l i n g  t o  f i n d ,  s a y  200 r a t h e r  t nan  56. E r r o r s  a r e  u s u a l l y  
less x i t h  more c o n t r o l  A f t e r  t h e  e q u a t i o n s  a r e  e s t a b l i s h e d ,  one scene  
i s  c o n s i d e r e d  t h e  pr imary scene, and t h e  o t h e r  is "rubber-sheeted" to f i t  
i t ,  aTottier i c t e n s i v e  ccrriputatio.! jo t .  Though many u s e r s  a r e  i n t e r e s t e d  
i n  s s i n g  mult . i temporai d a t a  f o r  a n a l y s i s ,  n o t  rveryone  c a n  c a r r y  i t  Outl 
g iven  t h e  procedures  r e q u i r e d  today. 
PRESENT LIMITATION 
The t e c t n i q u e s  o u t l i n e d  t o  s o l v e ' p r e s e n t  r e g i s t r a t i o n  pro j lemc have b e m  
around f o r  aL l e a s t  5 y e a r s .  EDIPS d a t a  have been around f o r  2 1 / 2  
years .  The same procedures  used b e f o r e  EDIPS t o  s o l v e  r e g i s t r a t i o n  
Groblems a r e  as necessary  today z.s :hey were b e f o r e  EDIPS became a v a i l -  
abie .  Th-re  was g r e a t  hope t h a t  t h e  Master Data Prucessor  (b1Dk) a t  
Goddard would a l l e v i a t e  many of t h e  problem? and p r o v i d e  r e l i a b l y  
r ? r r e c t e d  d a t a .  The Landsat d a t a  c o r r e c t p d  w i t h  ground c o n t r o l  po in . t s  
(Sr;') chosen f r o n  1:24,000-scale  maps wouLd be less. t h a n  one  g i x e l  fo r  90 
Serc-er8;. oL t h e  p i x e l s  i n  a scene.  The Landsat Data-Users '  Uandhc.zk a l s o  
s F e c i f i e a  t h a t  t h e  temporal  r e g i s t r a t i o n  offsets between t w o  Landsat 
scenez having t h e  same path-row l o c a t i o n  wou ld  be i+ss than  0.5 p i x e l  for 
9!: p e r c e n t  of  t h e  p i x e l s  in a s c e n e  (U.S. G e o l o g i c a l  Survey,  1373) .  
Those e x p e c t a t i o n s  arc n,:.t beincj met. The  r.'.S, Department of A g r i c u l t u r e  
( U S U A )  co.r.pa;?d r e g i s t r a t i o n  q u a l i t y  of  dal-a from t h e  NDP with ' h e i r  
e x i s t i n g  techr,ique-; and found t h a t  t:iol.igh they  c o u l d  pot r e l y  o n  i t  
p r e s e n t l y ,  tt.ey could  use d a t a  from t h e  MDP a s  a s t a r t i n g  p o i n t  f r ; r  an 
d l g o r i c h n  t h a t  idill a u t o m a t i c a l l y  r e g i s t e r  t h e i r  segment d a t a  t o  t h e  
Lan?sat  d a t a  \.;raham and Luebbe, 1981). T h e  D i g i t a l  Mapping of I r r i g a t L d  
Crcpland Techni.que T e s t i n g  p r 3 j e c t  f o u p i  i t  n e c e s r a r y  tc manually f i n d  
c o n t r 3 1  p G i n t s  for 36 s c e n e s  i n  1981 )-*ecause r e s a l t s  o f  t e s t i f i g  those 
Sandsdt sce:ds from t h e  H i g h  iJ1;iins with assessment  ra t ing:  of  t h r e e  3 r  
more where a:[ ?vexage of no closer ti,-.-. t e n  p i x e l s  from t h e i r  expected 
l x a t i o n s  (hnch, 1?81) .  
saiw Technique T e s t i n q  p r o 7 e c t  f0ur.d t h a t  not  o n l y  was i t  necessary  
td r i b i d  c o n t r o l  p o i n t s  f o r  scenz  t3  scene  r e g i s t r a t i o n  ( m u l t i t e m p o r a l ) l  
u u t  trier2 was more r o t a t i o n  of one scene * i t h  r e s p e c t  to  a n o t h e r  w i t h  
L u t a  from h e  hlGP thdn t h e r e  had e v e r  been be fo re .  The I n c r e a s e  i n  
r o t a t i o n  r e q u i r e s  much more computer memory for t h e  " rubher  s h c  ' ing" 
a lgoi thm.  On t h e  p o s i t i v e  s ide ,  EDIPS d a t a  seemed t o  c o r r e l a :  cetter 
than :he o l d  x-fOrmJt, presumably because o f  t h e  c u b i c  c o n v o l u t i o n  
r ~ s a n p l l n 3 .  T h i s  iniprovement xas a l s o  noted by t h e  C a l i f o r n i a  I t r l g a t d  
Lards Technique T e s t i n g  p r o l e c t  (E.  Oauer, o r a l  commun., 1981). 
REQU I EMENTS 
The pretest r e g i s t r a t i o n  of Landsat  d d t a  p t d u c t s  : -  i n s u f c i c : e n t  f o r  t h e  
needs  r l   id use and land cover  and hydro logic  a p p , i c a t i o n s  u s e r s .  Much 
time L?CL :Eort is  expended i n  r e f e r e n c i n g  t h e  d a t a  by .nap c o o r d i n a t e s ,  
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!>cecisic.‘ c o r r e c t i n g  i t  t o  f i t  mans, a r d  o v e r l a y i n g  rnul t i teTpora1  scenes. 
Irks? s t e p s  could  be s i n p l i f i e d  c o n s i d e r a b l y  and uv?n  e l i m i n a t e d  for  some 
a p p l i u a t i o q s  i f  d a t a  was r e a ’ l l y  a v a i l a b l e  i a  r e g i s t e r e d  fox. Jser 
demands i n  t h i s  a r e ?  a r e  not  extreme.  I t  is f a i r  t o  pre:ume t h a t  t hose  
u s e r s  p r c s e n t l y  d i s s a t i s f i e d  w i t h  d a t a  r e g i s t e r e d  by t h e  HDP would be 
r;*!ito happy w i t h  d a t a  chat was r e g i s t e r e d  a s  ..:all as t h e y  a r e  a b l e  tn  
c b t a i n  themselves .  
Users with t h t  a b l i i t y  t o  perform t h e i r  own geomet r i c  corrections would 
l i k e  Landsa t  d a t a  t o  come wi th  in fo rma t ion  on image gecmetry ( l i k e  list- 
i n g s  of ground c o n t r o l  p o i n t s )  s u f f i c i e n t  f o i  f a c i l i t a t i n g  geomet r i c  
c o r r e c t i o n s  (OPI, 1 9 7 9 ) .  T h i s  is probably  -e most common demand heard. 
U s e r s  would l i k c  l i s t i n g s  of c o n t r o l  p o i n t s .  With then. the;. C N ~ U  
perforill t h e i r  own t o r r e c t i L n s ,  c h e c k  o u t  t h a  accurclcies of L! -21- 
c o r r e c t e d  d a t a ,  o r  ‘Jse them ;s a base f o r  adding  a d d i t i o n a l  p o x c ~  %!:en 
warran ted .  
Those users whc would l i k e  sys tem-correc ted  d a t z  a r e  d i v i d e d  \: . ] z e s t i o n s  
of p r o j e c t i o n ,  r o t a t i o n ,  p i x e l  s i z e ,  resampl ing ,  :.nd accuracy*. i e t ’ s  
look a t  each  q u e s t i o n ,  o-e a t  a t ime. 
~ ? i  u s e r s  w i l l  qot be 5 3 t i s f i e d  w i t h  d a t a  i n  j u s t  one s t a n i x d  pro jzc-  
t i o n ,  s u c h  F.S t h e  Space 3blFqclr 14ercator (SOMI :: Wc’ice Cb- ique  Mercator 
(IICM). U s e r s  of q a t e l l i t e  imagery for l a n a  use and l a n d  cover  a p p l i c a -  
t i o n s  comnonly use t b e  d a t a  i n  combinat ion w i t h  maps and nth9r  d a t a  
l a y t r s .  These maps can be c a s t  on a v a r i e t y  of p r c j e c t i o n s ,  such 3s c . k  
‘7, 4 l t e r s  SoRica l  Zqual Area, or p o l a r  S t e r e o g r a p h i c .  What is needed 
is t h e  a b A l i t y  t o  c o n v e r t  d a t a  f r o v  one p r o j e c t l o r .  t o  Ino the r .  USZS does 
hs;.e 3 2ackag.e of cori.dutet r w t i n e s ,  i n  F o r t r a n ,  des igned  to  pezmi t  t n e  
t r a ; ; s fo r in t ion  cf c o o r d i n a t e  p i i r t  f rsm OiiS map p r o j e c t i o n  to  ano the r  
(Y.S. Geolog ica l  Survey, 1981). Data ccu ld  be made a v a i l a b l t  i n  one c r  
t (0 s t a n d a r i  p r o j e c t i o n s  wi:h s o i c v a r e  g . i a i l . a b l e  t o  t h e  users .D converr  
co o t h e r  projectjzns, c r  t h e  l i j c  of a v a i l a b l e  p r o ? e c t i c n s  could be 
exFanded for :he s t a n d a r d  product  w i t h  t h e  use r  s p e c i f y i n g  h i s  cholce .  
V J S ~  users  woulc! pc+:f?r l and  . ~ a e  Z R !  l a n d  covr?r d a t ;  t h a t  d y e  qpo- 
m ~ ~ t r i c 3 1 1 y  cor rec t0  : b e f o r e  d e l i v e r y  to them to  be r o t a t e d  to N0rt.k 
Though argurnetit-s cai: i;. made t h a t  . . > t a t i o n  1s not r c . 2 1 1 ~  n e ~ ? ~ s a r y ,  t h e  
f a c t  reFains t h a t  when working w i t h  maps, and o t h e r  data level‘ ;  de r ived  
from maps, r o t a t e d  d r t a  i s  a p l e a s a r e  and u n r o t a t e d  d a t a  is a ’ l a i n .  
T h e r ?  is a dil.emna w i ~ h  r e s p e c t  t o  t h i s  ques’.or.. when w o r k ~ n g  w i t h  an 
e n t i r e  Lar.;sat Z.-CW or multiple scenes, a ~ ~ t a t e d  d a t a  se t  is sub- 
s + c i n t i , i l l y  i d rqec  t i i d n  i t s  unrotatecl  counterpaLc.  When ~ L I  k in? with .I 
map q u a d t a n q l e ,  t k o u q l ) ,  r o t a t p d  d 3 ~ 3  € i t  j u s *  r ’ q h t ,  2 n d  s:JtJstLintial  1:
: E O - F  d a t 3  a r e  needed t o  g e t  the quadrangle  c - : ~ q e  iron t!ie ~ : : : L - ~ > - 3 t d  
s e t .  So i t  r e a l l y  depends on t h e  ~ p p l i c a t i o r  and t h e  size 0:: t h r  ircla of 
conce rn .  Tt.2 q u e s t i o n  of r o t a t i o n  shclJ ld  r e a l l y  be an  optic: iC: t!.? 
u s e r .  T h i s  t a u l d  s a t i s f y  a1.l.. 
T h r e e  p i x e l  s i z e s  seem t o  v,e f o r  a t t e n t i o n .  T h e  57-meter squa re  
d e l i v e r e d  x i t h  ECIPS seems to q a r n e r  no r e a l  harsh  f e e l i n g s .  Gsers 
under s tdnd  t h a t  57 mete r s  i s  t h e  resampling i n t e r v a l  a lonq  a scan  l i n e  
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and t h e y  u n j e r s t a n d  t h e  logic of choos ing  t h a t  f o r  t h e  resampled pixel. 
There are perhaps  s t r o n g e r  aryuments  to  be made f o r  go ing  to  a 50-meter 
squqre  p i x e l  s i n c e  i t  Srould c o r x s p o n d  q u i t e  n i c e l y  to  Urn c o o r d i n a t e s  
and be conpati’!.e w i th  t h e  ce l l  s ize  of t h e  USGS l a n d  u s e  ana  l and  cove r  
d a t a  i n  t h e  g r i d  ce l l  form. There  are a l s o  those who *would l i k e  to see 
60-9eter  p i x e l s  which would be easier to  compare w i t h  30-meter themat ic -  
mapper data. 
There h a s  a150 k e n  much d i s tg reemen t  o v e r  resampling.  
t h e i r  own g e o m t r i c  c o r r e c t i o n s  t e n d  to use s imple  n e a r e s t  ne ighbor ,  
mstl: because of cost c o n s i d e r a t i o n s .  Cubic  c o n v o l u t i o n  does appear to 
p r 0 . i  d smoother l ook ing  data. I t  does so by i n c r e a s i n g  t h e  v a r i a b i l i t y  
of t h e  p i x e l  v a l u e s  r a k i n g  t h e  da ta  ha rde r  to  compress  and perhaps 
a d v e r s e l y  a f f e c t i n g  t h e  accu racy  o f  c l a s s i f i c a t i o n  a l g o r i t h m s  t h a t  
u t i l i z e  va r i ance .  Much of what r e s i s t a n c e  t h e r e  is to  convo lu ted  data is 
probab ly  d u e  IIKX.’ to u n f a m i l i a r i t y  w i t h  it t h a n  t o  o t h e r  f a c t o r s ,  
Most users who do 
The q d e s t i o n  of accuracy  is probably  t h e  s i n g l e  most impor tan t  i s sue .  A t  
a minimum, users would l i k e  to know what t h e  ave rage  accu racy  cf a 
p r t i c u l a r  p roduc t  is. T h i s  is impor tan t  a b v c  a l l  else. I f  it is 
reasonab le  to  ach ieve  o n l y  10-p ixe l  accuracy  f o r  a g i v e n  scene ,  because 
many 15-minute maps had t o  be used, t h e  user needs to know. H e  can  then  
de te rmine  whether t h a t  accu racy  is s u f f i c i e n t  f o r  h i s  a p p l i c a t i o n  and ’ 
improve upon it i f  necessa ry  or p o s s i b l e .  Perhaps  t h e  g r e a t e s t  dis- 
appdintment, from t h e  AgRISTARS o v a l u a t i c n  o f  da td  r e g i s t r a t i o n  was the  
poor cor r e l a t i o n  t h a t  was found between accuracy  and assessment  ratings 
(Graham and Luebbe, 1981) .  
There are  t h r e e  d i s t i n c t  a c c u r a c i e s  t h e  u s e r  m u s t  worry about .  T h e  f i r s t  
i nvo lves  t h e  r e f e r e n c i n g  problem. I t  may be necessa ry  t o  e x t r a c t  p i x e l s  
t h a t  l i e  w i t h i n  polygons d i g i t i z e d  from a map. Most users would t e l l  you 
t h a t  f o r  t h i s  t hey  r e q u i r e  root-mean-square (RMS) a c c u r a c i e s  a t  least  as  
go& a s  1 p i x e l .  T h i s ’ c a n  be ach ieved ,  however, i n  t w o  s t a g e s .  The 
f i r s t  might  r e f e r e n c e  t h e  d a t a  t o  w i t h i n  s e v e r a l  p i x e l s ,  wh i l e  t h e  second 
mist use  local €it  to a c h i e v e  t h e  sub-p ixe l  accuracy  desired. 
For f i t t i r . 9  t h e  d a t a  to  a map, t h e  rea l  c o n s i d e r a t i o n  is s c a l e .  The 
Na t iona l  Map Accuracy a t anda rd  f o r  h o r i z o n t a l  accu racy  is 0 .02  inches  a t  
s c a l e s  smaller t h a n  i :20,000 (Thompson, 1979). T h i s  t r a n s l a t e s  to  254 
meters a t  1:500,000, 127 meters a t  1:250,000, and 51 meters a t  1:100,000, 
Judging  from p a s t  performance i t  seems reasonab le  to  e x p e c t  p roc i s ion -  
c o r r e c t e d  Landsat  d a t a  t o  f a l l  somewhere between t h e  s t a n d a r d s  f o r  
l : S O O , O O O -  and 1:250,000-scale maps. T h i s  shou ld  be q u i t e  a c c e p t a b l e  for  
most u s e r s .  
I n  a geograph ic  informat ion  system environment ,  t h e  r e s o l u t i o n  of t h e  
c o a r s e s t  u n i t  de t e rmines  t h e  e f f e c t i v e  r e s o l u t i o n  o f  t h e  e n t i r e  System. 
S ince  lani use and land  cove r  data  a c e  u s u a l l y  a t  a f i n e r  r e s o l u t i o n  t h a n  
o t h e r  da t a  l a y e r s ,  such as soils, problems wi th  i n a c c u r a t e  r e g i s t r a t i o n  
of a few p i x e l s  are not e s p e c i a l l y  c r i t i ca l  on t h e  whole. I n  hydro log ic  
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applications over multi-State regions, land cover data from Landsat. may 
be at the finest resolution of the system w e n  though it is reported for 
areas as large as 1 square mile. 
particular cases, though. Identifying residential land use within a 
specified slope interval computed from digital elevation models of 
13-meter resolution would require very good, sub-pixel registration. 
Registratim becomes most critical when it come to overlaying data 
collected from the sarfe point at different times. The California 
Irrigated Lands Technology Transfer project attains a 0.2 pixel RMS error 
for multitemporal reglstratim (Wall and athers, 1981). Error tolerance 
depends mostly on environment and repetition. Larger errors can be 
tolerated if land use and land cover features are large and if only two 
dates are being overlaid. Those same errors become intolerable when the 
features are smaller (more boundary pixels) and when more scenes are 
.being overlaid. In general, most users would be quite pleased with the 
error limits proposed for EDIPS, that is, 0.5 pixel temporal registra- 
tion offset. 
Misregistration could be critical in 
SUGGESTIONS 
"est users 3re p u z z l e d  by the lack of quality registration coming out of 
the NCP. This has limited some users without access to their own 
geometric correction and overlaying algorithms and has increased costs 
substantially for the others. It is hoped that a result of the Registta- 
tion and Roctificaton Workshop will be an improvement in the accuracy of 
NE? products. One critical element in any procedure to accurately 
register satellite imagery to maps is selection of ground'control points. 
Thousacds of control ;saints have been picked by Landsat analysts in the 
past. Perhaps a way can be found to accept contributions of GCP's from 
the users into the KDP library. There they voulc! augment those already 
in the library, increasing the number of points available for each scene 
and the reliability of reqistration. 
SUMNARY 
fieliable registraticn of satellite imaaery wouid greatly increase the cse 
of s u c h  data for land ilse and land cover and hydrologic applications. 
Lihile some users can and do accomplish their own registration, aost 
cannot. The  inability to work with registered data results in the loss 
of the tenpoidl dimension, production of inferior map products, and 
difficulty in using ancillary data that is registered. While sampling 
strategies satisfy users from sqme disciplines, land use and land cover 
a r e  commonly interested in completing "wall to wall" surveys and produc- 
ing map prm!ucts. 
Land use and land cotper and hydrologic applications users have definite 
demands for teaistered satellite imagery. While more variety with 
re'spect to cpt-Jns is desirable, products which meet the standards 
propcsed for ELL'S wculd be welcomed. One addition that most users 
mention i. a listing of control points that can be usec! to check accuracy 
of a part.iculaz Frodl..:t or as a starting point for refinement. Satisfac- 
tion of those reqbirernents would greatly improve the utility ?f satellite 
imagery for Land use and land cover and hydrologic 'applications. 
ACKNOWLELGYENTS 
Though the opinions expressed in this paper are solely the responsi- 
bility 0: the au.thor, comments on registration and rectification issues 
were solicited from the following individuals for consideration in 
preparing this paper : 
Rob Aanstoos, Texas Natural Resources Information System 
William Acevedo, Technicolor Graphics Services, Inc. 
Hal Anderson, State of Idaho Water Resource Divsion 
Ethel Bauer, NASA-Ames Research Center 
Rick Heiaes, USGS Water Resources Divsion 
John Jensen, University of South Carolina 
Armond Joyce, NASA-NSTL-Earth Resources Laboratory 
Richard Sigmar., USDA-Economics and Statistics Service 
Pase Spencer,,Bureau of Land ;4anagement 
Gaii Thelin, USGS-National Mapping Division 
Bob Wrigley, NASA-Ames Research Center 
REFLENCES 
Graham, "1. H . ,  and Luebbe, R. C., 1981, An evalQation of 3SS p f o r n a c  data 
reyistration: 
NSTL/ERL-197, 57 p. 
High Plains 1980 project: Technicolor Graphics Service, Inc. report, 
Ames Research Center, 3 p. 
d.S. Geological Survey land use and land cover maps: U.S.  Geological 
Survey Circular 826. 19 p. 
Multispectral resource samFler workshop, Ft. Collins, Colorado. 
cropland with Lacdsat f o r  t h e  High Plains Ayuifer Satellite 
Hydrology: William T. Pecora Symbosium, S t h ,  Sioux F a l l s ,  South 
Pakota, June 11-15, 1979, Proceedings, p.  715-721. 
Thompson, M .  M., 1979, Naps for Ainerica: U.S. #Geological Survey, 265  p. 
U.S. Geological Survey, 1979, Landsat data users handbook, revised 
edition: U.S. Geological Survey. 
U.S. Geological Survey, 1981, Computer documentation general cartographic 
transformation package: U.S. Geological Survey. 
Wall, S. L., Thomas, R. W., Brown, C. E., Ericksson, M., 1981, A Landsat- 
based inventory procedure for the estimation of irriqaced land in 
arid areas: presented at the F i r s t  thematic 'Conference, Femote 
Sensing of Arid and Semi-Arid Lands, Cairo, Eyypt, 1981. 
Xational Aeronautics and Space Administration 
Koch, C. S., 1981, An evaluation of G-format data registration for thc? 
klilazzo, V. A., 1990, A review and evaluation of alternatives fo r  updating 
ORI, Inc., 1979, Yultispectral resoiJrce sampler summary report: 
Thclin, G. P., Jahnson, T. L., and Johnson, 3. A., 1981, Happing irrigated 
83 
4.4 REGISTRATION A N 3  RECTIFICATION NEEDS OF GEOLOGY* 
Pat S. Chavez, Jr. 
Geologic a p p l i c a t i o n s  o f  remo' ? l y  sensed imaging encompass f i v e  a r e a s  of i n -  
t e r e s t .  These inc ludc :  enhancement and a n a l y s i s  of i n d i v i d u a l  images; work 
w i t h  small-area mosaics of imagery which have been m a p p r o j e c t i o n  r e c ' : f i e d  t o  
i n d i v i d u a l  quadrangles :  development of la rge-area  mosaics  o f  m u l t i p A e  images 
f o r  s e v e r a l  c o u n t i e s  o r  s t a t e s ;  r e g i s t r a t i o n  of mul t i tempora l  images; and d a t a  
i n t e g r a t i o n  from s e v e r a l  s e n s o r s  and map sources .  Examples for each of these 
types  of  a p p l i c a t i o n s  are summarized i n  Tables  1 - 5. 
Ind iv idua l  image uork (Table 1)  has been p r i m a r i l y  a p p l i e d  for mediun-scale 
s t r u c t u r a l  mapping and s u r f a c e  geology d e l i n e a t i o n .  Small-area mosaics  (Table  
2) have been developed p r i m a r i l y  f o r  s t r u c t u r a l  a n a l y s i s  a l s o ,  b u t  t h e  r e c t i -  
f i e d  image can be cons idered  a map product .  Both o p t i c a l  ( i . e . ,  photographic)  
ar.d d i g i t a l  r e c t i f i c a t i o n  and edge matching have been undertaken.  Large-area 
mr s a i c s  (Table  3 1 have been undertaken t o  p rov ide  g e c l o g i s t s  w i t h  r e g i o n a l  
views t h a t  d i s p l a y  major tectonic features. U n t i l  recently, most o f  t h i s  
work has  involved d i g i t a l  p rocess ing  or1 subsampled Landsat s cenes  ( i .e . ,  a 
r e s o l u t i o n  o f  200 meters )  or o p t i c a l  p rocess ing  for photomosaics. Temporal 
process ing  (Table  4 )  has been app l i ed  t o  s e v e r a l  imaging s e n s o r s  t o  d e t e c t  
changes over  t ime a s s o c i a t e d  w i t h  v e g e t a t i o n  s e a s c n a l i t y  and of dynamic phe- 
comena such a s  ocean c u r r e n t s  o r  i c e  flows. The l a s t  a r e a  of concern is d a t a  
i n t e g r a t i o n  (Table  5 1 ,  i n  which a v a r i e t y  of  remotely sensed  and a n c i l l a r y  
d a t a  a r e  map p ro jec t ed  and o v e r l a i n  t o  a s s i s t  i n  t h e  a n a l y s i s  o f  geo log ic  
s t r u c t u r e .  I n  d a t a  i n t e g r a t i o n  s t u d i e s ,  s a t e l l i t e  images form a l i m i t e d  b u t  
e s s e n t i a l  c o n t r i b u t i o n  t o  t h e  o v e r a l l  a n a l y s i s .  As t h e  va r ioua  d a t a  t y p e s  a r e  
being o v e r l a i d ,  t h e  accuracy of image r e p r o j e c t i o n  t o  a g iven  map p r o j e c t i o n  
and s c a l e  is of  paramount importance. 
I n  summary ( s e e  Table 6 1 , g e o l o g i s t s  have f i r s t - o r d e r  geometry c o r r e c t i o n s  
w i t h  1 t o  250,000 s c a l e .  For t h e  g e o l o g i s t s ,  i f  you t a k e  c a r e  of  a s p e c t  r a -  
t i o ,  e a r t h  r o t a t i o n ,  v a r i a b l e  scanning of  t h e  m i r r o r s ,  cn ings  you can do auto-  
m a t i c a l l y ,  probably 601 of  t h e  t ime t h a t  is accep tab le .  B u t  i f  g e o l o g i s t s  a r e  
going  t o  do very d e t a i l e d  l i t h o l o g y  and lineament mapping, you need t o  go t o  
ground c o n t r o l  p o i n t s .  For s a t e l l i t e  ephemeris  c o r r e c t i o n s ,  we have t r i e d  
s e v e r a l  o f  t h o s e  t echn iques  and it  never seems t o  g i v e  t h e  accuracy  needed, 
probably because we haven ' t  Seen a b l e  t o  o b t a i n  t h e  ephemeris  in format ion  for 
t h a t  image. D i g i t a l  c o r r e l z t i o n  t echn iques  a l r e a d y  exis t ;  t h i s  is what t h e  
MDP is using and now more r e c e n t l y  t h e  Purdue and JPL teams a r e  us ing  w i t h  FFT 
techniques .  For co r reL t ion  t echn iques ,  we look a t  image t o  map and image t o  
iinag?. If you bo from an image t o  one map and then  a n o t h e r ,  t h e  g e o l o g i s t  may 
want t o  conve r t  frcm d JT!4 t o  a n  o r thograph ic  o r  o t h e r  p r o j e c t i o n .  This 
brings o u t  t h e  ques t ion :  should we r e a l l y  do t h e  Landsat geometry c o r r e c t i o n s  
r i g h t  a t  t h e  beginning a t  MDP o r  should yo:' j u s t  s u p p l y  t h e  c o e f f i c i e n t  t o  t h e  
tiser so he can a d j u s t  t h e  c o e f f i c i e n t s  i f  h e  would r e a l l y  l i k e  t o  map p ro jec -  
t i o n  2 in s t ead  of map 1. This would reduce having t o  resample t h e  d a t a  twice. 
*Edited o r a l  p r e s e n t a t i o n .  
One of  t h e  3 i n g s  t h a t  I feel may s t i l l  need improvement i s  t h e  accuracy i n  
t h e  terms o f  p i x e l s  r a t h e r  t han  meters. If you are working on a 1:250,000 
s c a l e  you could g e t  t y p i c a l l y  wi th  Landsat  +1 or 2 p i x e l s .  Wi th  t h e  Thematic 
Mapper, of cour se ,  t h e  same d i s t a n c e  would b r m o r e  p i x e l s  b u t  now we a r e  going 
t o  be working w i t h  1:50,000 and 1:100,000 scale maps, so again  t h e  +1 or 2 
p i x e l s  w i l l  probably be  s u f f i c i e n t  for t h e  g e o l o g i s t .  In  other words, i f  
what I am mapping has accuracy  w i t h i n  t h e  w i d t h  of my p e n c i l  l ine ,  t h a t ' s  a l l  
I need. For d i g i t d - m o z a i c k i n g  accuracy  though,  I t h i n k  t h a t  t h e  g e o l o g i s t s  
w i l l  complain when t h e y  see a mismatch o f  one  p i x e l ,  even i f  i t  f a l l s  w i t h i n  
t h e i r  accuracy c r i te r ia  from one image t o  t h e  o t h e r .  Right away t h e y  s t a r t  
worrying t h a t  t h e  a r e a  of mismatch may be a l ineament ,  and mapping i s n ' t  a s  
a c c u r a t e  a s  i t  shouid be. They d o n ' t  r e a l i z e  t h a t  i ts  still  w i t h i n  - +80 or 90% 
of t h e  p a r t i c u l a r  need t h a t  t hey  a s k  for. 
We t a l k e d  a l i t t l e  about  band-to-band r e g i s t r a t i o n  problems. Again, I would 
l i k e  t o  sugges t  t h a t  maybe somebody ought  t o  i n v e s t i g a t e  t h e  i d e a  of t a k i n g  
t h e  i n d i v i d u a l  bands,  t r y i n g  some o f  t h e  a u t o c o r r e l a t i o n  t echn iques  used tc 
select  g r o m d  c o n t r o l  p o i n t s ,  and r e g i s t e r i n g  an i n d i v i d u a l  band t o  your map, 
and ex tending  your a u t o c o r r e l a t i o n  from band t o  band for f u r t h e r  c o r r e c t i o n .  
F i n a l l y ,  I mentioned t h e  geometry v s  rad iometry  and topographic  displacement .  
Goddard has  i t s  ground c o n t r o l  p o i n t  l i b r a r y ,  and perhsps  they  could i n c l u d e  
some of t h e  new DTH 30-meter topographic  d a t a  i n t o  t h e i r  c o r r e l a t i o n ?  Perhaps 
t h i s  could be added as ano the r  d a t a  set for topography. 
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OF POOR QUALITf 
Table 1. 
EXAMPLES OF I N D I V I D U A L  I M A G E  WORK 
O SAN F R A N C I S C O  PEAKS AREA 
STRUCTURAL M A P P I N G  
S E L E C T I O N  OF O P T I M U M  K A T I O  C O M B I N A T I O N  BY S T A T I S T I C A L  
METHODS 
O DENVER/AUTOL I NER PROJECT 
STRUCTURAL ENHANCEMENT I N  DENVER AREA 
DEVELOP AN A U T O M A T I C  L I N E A R  M A P P I N G  T E C H N I Q U E  
O OFF IC€ OF I N T E H N A T I O N A L  GEOLOGY 
S A U D I  A R A B I A  
STRUCTURE 
M A T E R I A L  COVER 
MOROCCO AND T U N I S I A  
M A T E R I A L  COVER 
HYDROLOGY 
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Table 2. 
EXAMPLES OF S M A L l  -AREA M O S A I C S  (QUADRANGLES) 
(DIGITAL AND/OR OPTICAL) 
a A L A S K A  ( 1 3  l " x 2 "  QUADS FROM LANDSAT M S S / 1 9 7 4 - 7 6 )  
D I G I T A L  M O S A I C S  
- S T R U C T U R E  A N D  M A T E R I A L S  M A P P I N G  
" GRAND CANYON ( 4  LANDSAT MSS I M A G E  M O S A I W 1 9 7 8 )  
. DIGITAL MOSAIC DONE BY N A S A ~ G O D D A R D  
USGS F L A G S T A F F  D I D  T H E  F A L S E  A N D  S I M U L A T E D  N A T U R A L  
COLOR PRODUCTS AFTER ATMOSPHERIC SCATTERING CORRECTIONS 
M O S T L Y  O V E R V I E W  OF T H E  C A N Y O N  A R E A  A N D  F O R  C O M P A R I S O N  W I T H  
T O P 0  M A P  
" 1:250K S A U D I  QUADS (10 l "x2"  QUADS FROM LANDSAT M S Y 1 9 7 9 - 8 0 )  
D I G I T A L  M O S A I C S  
S T R U C T C R A L  M A P P I N G  
B L A C K  A N D  W H I T E  B A S E  MAP F O R  G E O L O G I C  M A P P I N G  
SONAR ( G L O R I A  SONAR IMAGES OF THE A T L A N T I C / 1 9 8 0 )  
O P T I C A L  M O S A I C  OF 3C-40 T R A C K L I N E S  
D I G I T A L  M O S A I C  OF 3-5 T R A C K L I N E S  
P R I M A R I L Y  FOR STRU':TURE; B U T  SOME M A T E R I A L  T Y P E S  
O RADAR (A IRBORNE AND S A T E L L I T E / 1 9 7 9 - P K E S E N T )  
. G. SCHABER,  E T  AL ( S A N  FRANCISCO P E A K S  AND DEATH V A L L E Y )  
. WALTER BROWN, ET AL/JPL 
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Table 3. 
EXAMPLES OF I A R G F  - MA MOSAICS 
( S T A T E S  AND/OR C C I U N T R I E S )  
O NEVADA (1973-74) 
. 32 LANDSAT MSS IMAGES 
D I G I T A L  
O SAUDI A R A B I A  (1978-81) 
. 260 LANDSAT M S S  IMAGES 
O P T I C A L  M O S A I C  OF D I G I T A L L Y  PROCESSED IMAGES 
STRUCTURE AND BLACK AND W H I T E  BASE MAP 
O FLORIDA 
A P P F W P A T E L Y  15 LANDSAT MSS IMAGES/USGS-RESTON 
O P T I C A L  M O S A I C  
O A R I Z O N A  
. A P P R O X I M A T E L Y  20 L A N D S A T  M S S  IMAGES/JPL 
L I I G I T A L  M O S A I C  
O N O R T H  A M E R I C A  PLATE MOSAIC ( N A M )  
PROPOSED P R O J E C T  OF A P P R O X I M A T E L Y  2200 L A N D S A T  MSS I M A G E S  
. DIGITAL/OPTICAL/HYBRID 
STRUCTURE P L U S  H I G H - Q U A L I T Y  D I G I T A L  M O S A I C  DATA B A S E  
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Table 4. 
EXAMPLES OF TFM PORAI PHOCESSING 
O LANDSAT MSS 
. F L A G S T A F F  AREA - MONITOR/DETECT VEGETATION CHANGES FOR 
S O I L S  T Y P E  I N F O R M A T I O N  A N D  S O I L  E R O S I O N  
C *  R O B I N O V E  E T * A L *  - A L B E D O  M O N I T O R I N G  I N  A R I D  L A N D S  
(REGISTERED APPROXIMATELY 20-25 LANDSAT MSS IMAGES) 
O KADAR/SEASAT 
A S C E N D I N G  V S  D E S C E N D I N G  O R B I T S  F O R  GEOMETRY A N D  T O P O G R A P H I C  
I N F O R M A T I O N  B A S E D  ON V I E W I N G  D I R E C T I O N  D I F F E R E N C E  
SEA-ICE D Y N A M I C  A N D  ICE'FLOE T R A C K I N G  
* HCMM 
O C E A N  r A T T E R N  A N D  L A N D  A R E A S  
T H E R M A L  I N E R T I A  M A P P I N G  ( K -  WATSON A N D  A *  KAHLE, E T . A L - 1  
Table 5.  
) DATA I N T E G R A T I O N  (MULTI-SENSORS AND MU1 T I  - PlAP SOURCFS 
O REDWOODS PROJECT (1976-77) 
D I G I T I Z E D  C O L O R  U - Z  F O R  E N H A N C E M E N T S  A N D  V E G E T A T I O N  i k c .  
MAP 
GEOLOGY Y A P  
P R O X I M I T Y  M A P  
TOPO/SLOPE MAP 
PURPOSE: G E N E R A T E  A D E R I V A T I V E  MAP T H A T  R E P R E S E N T E D  T H E  
L A N D S L I D E / E R G S I O N  P O T E N T I A L  B A S E D  ON T H E  I N T E G R A T E D  D I G I T A L  
D A T A  S E T S .  
O CEMENT F I E L D  ( 1 9 7 9 - " 3 )  
GAMMA'RAY S P E C T R O M E T R Y  - 4 P A R A M E T E R S  
A E R O M A G N E T I C S  
M U L T I - F R E Q U E N C Y  R E S I S T I V I T Y  
G R A V I T Y  
L A N D S A T  MSS 
COLOR U - 2  
GEOLOGY 
T a P O G R A P H Y  
PURPOSE:  C V A L U A T E  V I S U A L L Y  A N D  S T A T I S T I C A L L Y  T H E  C O R R E L A T I O N  
AMONG T H E  M E A S U h E D  V A R I A B L E S  O V E R  A KNOWN S U R F A C E  A N D  N E A R -  
S U R F A C E  G E O C H E M I C A L  A L T E R A T I O N  P A T T E R N S .  I N  T H E  S T U D Y  A R E A  
USED, ANOMALOUS G E O C H E M I C A L  A N D  G E O P H Y S I C A L  S I G N A T U R E S  H A D  
B E E N  P R E V I O U S L Y  DOCUMENTED. I T  WAS A N  A R E A  WHERE H Y D R O C A R B O N  
M I C P O S E E P A G E  H A D  I N D U C E D  T H E  A L T E R A T I O N S .  
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TABLE 5. ( con t i  nueci) 
O OCEAN BOTTOM D A T A  SET (FAMOUS AREA/1983-81) 
B A T H  
M A G N E T I C  
G R A V I T Y  
PRESENTLY A D D I N G  SONAR 
O MULTI-SENSOR 
. M S S / S E A S A T  
. M S S / R B V  
. FUTURE - M S S / R B V / T M / S F O T  
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TABLE 6 . 
3.!Jimw 
* V A R I O U S  TYPES OF GEONETRIC C O R R E C T I O N  TECHNIQUES E X I S T  
. FIRST-ORDER CORRECTION ( I  .E .  AUTOMATIC CORRECTIONS ONLY) 
GROUND C O N T R O L  P O I N T  ( G C P )  C O R R E C T I O N S  
S A T E L L I T E  E P H E M E R I S  C O R R E C T I O N  
D I G I T A L  C O R R E L A T I O N  T O  A L R E A D Y  C O R R E C T E D  I M A G E  
O CORRECTION T E C H N I Q U E S  C.URRt: . ILY I N  USE 
I M A G E  TO M A P  
I M A G E  T O  I M A G E  
I M A G E  T O  M A P  1 T O  M A P  2 
' IMPHOVEMENT IS  S T I L L  NEEDED I N  THE FOLLOWING AREAS 
ACCURACY VS C O S T  
B E T T E R  EPHEMERIS D A T A  FOR MORE A C C l ' S r l T E  C O R R E C T I O N  
T H I S  WILL G R E A T L Y  I M P R O V E  T H E  U S E  OF T H E  I M A G E S  
B E C A k J S E  MORE A U T O M A T I C  A N D  E A S I E R  T O  L'SE I N  M O S A I C  
. AN ABSOLUTE MUST F O R  SEA-ICE MONITORING T Y P E  P R O J E C T S  
M U L T  I -SENSOR A N D  M U L T I - R E S O L U T I O N  D A T A  I N T E G R A T I O t i  
. NEEE A GOOD F H O N T  END ( I * € * ,  RECEIVING STATION) G E O M E T R Y  
C O R R E C T I O N  TO GET G O O D  IMAGE'TO' IMAGE M A T C H I N G  F O R  D I G I T A L  
A N D / O R  O P T I C A L  M O S A I C S -  C U R R E N T L Y  T H E  COST P E R  I M A G E  F O R  A 
GOOD DIGITAL MOSAIC I S  FROM $80C T O  $2500 PER IMAGE; NEED 
T O  GET T H I S  DOWN T O  $2110 
A C C U R A C Y  
. DEPENDS OF THE R E S O L U T I O N ~ I X E L  SIZE OF THE i r  ;E BEING 
U S E D  
G E N E R A L L Y  FOR V I S U A : .  I N T E R P R E T A T I O N  k 1 - 5  P I X E L  ACCURACY IS 
S U F F I C I E N T  ( I - € & ,  W I J I T H  OF A P E N C I L  L I N E  AS GORDON SWANN 
WOULD S A Y )  
F O R  D I G I T A L  M O S A I C S  T H E  A C C U k .  : v  NEELIED is  MORE L I K E 2  0.5 
P I X E L  
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1. Introduction 
Severe storms research is characterized by temporal scales ranging fran 
minutes (for thunderstorms and tornadoes) to hours (for hurricanes and 
extra-tropical cyclones). Spatial scales similarly range fran tens to 
hundreds oi kilometers, depending on the phenomenon being observed. 
Sources of observational data include a variety of grornd based and 
satellite systems. As one would expect, requirements for registration apd 
intercomparison of data fran these various sources are a function of the 
research being performed and the potential for operational forecasting 
application of techniques resulting from the research. 
'ihis p p r r  presents an overview of the sensor characteristics and 
processing procedures relating to the overlay and integrated analysis of 
sateilite and surface observations for severe storms research. It is based 
on a review of the literature, discussions with meteorolqist researchers 
in the Troposphere Branch of Goddard's Laboratory for Atmospheric Sciences, 
and on experience in the developnent of the Atmospheric and Oceanographic 
Information Processing System (ADIS). 
2. Severe Stom Data Sources 
Data sources include geostationary satellites, polar orbiting satellites, 
radar, aircraft, balloons, and meteorological models. Satellite, aircraft, 
and radar data are frequently in image form, uhile the remaining sources 
and information derived fran satellite imagery are either in the forn of 
gridded fields or station observations. 
data sources, identifying the informatim provided and the spatial and 
temporal characteristics. 
mis section surveys the major 
2.1 
The GOES V i s i b l e  and Infrared Spin Scanning Radiometer 18 
provides visible imagery showing cloud structure and patterns, and infrared 
imagery s h o w i n 3  surface and cloud top temperature. 
generally scanned every 30 minutes, however, limited area north-south scans 
may be m a n d e d  at intervals as frequent as 3 minutes. 
sequences of these images provides meansurements of cloud motion winds and 
storm growth rates. Spatial resolution is naninally 1 km visible and 8 lun 
IR at the sbsatellite point, but degrades away from that point due to 
curvature of the earth's surface. 
km, for exmrple, at 40' latitude. 
derived fran VISSR are essentially randomly spaced corresponding to 
locations where cloud features can be identified. 
An improved Sensor based on the V I S S R  - the VISSR Atmospheric Sounder 
(VAS) is currently bein<; operated in a research/evaluation mode. 
of 12 IR channels provi6.e measurements of temperature and hunidity 
integrated over different layers of the atmosphere. When operated in Dwell 
Sounding mode, all 12 channels are scanned for a select4 north-south 
extent. 
of the radiances, an area the size of the U.S. requires approximtely 3 
hours to image. 
Satellite sources - Geostationary Orbit 
(VISSR) 
A full earth image is 
Analysis of 
m e  IR resolution is approximately 10 
Wind and cloud height observations 
3 
A total 
Because of nultiple spin averaging to improve the signal to noise 
Focr IR channels may be selected by ground comnand to scan 
97 
at VISSR rates (30  minutes for full earth). 
mode provides time seqienced imagery of temperature and water vapor 
patterns and mtion. 
hunidity profiles derived from VAS are generally randomly spaced 
observations . 
This multispectrn? imqi;q 
Like wind fields derived f r m  VISSR, temperaturl nd 
Eartii location infornation for the VISSR a& VAS data is derived from 
interactive identification of lanhark locations in visible imagery, 
The initial method used was to fit Keplsr orbital elements to direct 
observations of satellite psition and to fit the parameters for 
spacecraft attitude and Sensor qeometry to landmark observations. 
Ir. 19'758 techniques were developed 6 8 7  to derive toth orbit and 
attitude state from image landmarks. Chebyshev polpmials are now 
to model spacecraft position and imqe-sun aqle as a function of time. 
This allows predictive parameters to be generated and thus Dennits earth 
location of image features inmediately after acq,iisition. The Chebyshev 
coefficients have been transmitted by N(3AA in the image iine documentation 
since 1977. 
4 8  5 
?he VAS navigation procedure correlates prestored 16 x 16 image chips to 
locate lancfnarks. 
iterative eight& least squares technique. 
Orbit, attitude and camera biases arc estimateci using an 
Ccmpari.son of image locations derived using this d e l  with NOAA 
landmark observations yields the following statistics for residuals: 
U - mean -
pixel -0.06355 1.335 
line 9.0132 1-58 
L)sinq 20 landmark cbservations pzr day for 6 3 da.y period allows nasigation 
prameters to be extraplated f ~ r  48 hotirs with 3 pixel accuracy. Vie mean 
pixel a:d line error vs. predictioa interval is shim in Figure 1. 
2.2 Satellite sources - Polar Orbit 
Scn.%rs on-board polar orbiters typically repeat coverage a t  12 :lout 
periods. Because this is mtich laxer than time scales of severe storm 
dynamics, this source of data is not as heavily utilized as the GOES 
sensors. The primry uses have been model initializaticn and comparison, 
extraction of pcirameters not adailable frm! qeostationary sensors, and 
comparison with geostationary observations. 
smxized here for illustration md miparison. 
'NQ sensor systems will be 
The Electrically Scanninq Microwave Radiometer (ESVR) o r  idimbus-6 provides 
radiometric measurements in two kinds f ~ r  LWC? polariiations. "tie 
instrunent scans in a 70" area ahead o t  the spacecraft motion with a 
constant SQ incidence q l e  with the earth's surface. Nominal resolution 
is 29 km cross-track and 4 5  km along-track. 
classification techniques are use3 Lc identify areas of r3inf:bll.9 
0 
Maltispctr31 
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Figure 1. L ine  and p i x e l  n a v i g a t i o n  p red ic t i on  
e r r o r  f o r  GOES VAS. 
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Four instrunents on the TIROS-N and NCNA-6 satellites provide 10 
visible and infrared imagery along with sounding radiances. 
The Advanced Very High Resolution Radiometer (AVHRR) Scans a 1650 km swath 
in 4 visible and infrared bands. 
factor of 1.362 to produce 2048 samples per line at approximately 800 meter 
separation. NQAA generates latitude/longitude values every 40 pixels (51 
points per line). 
The 1.i km IFOV is oversampled by a 
The High Resolution Infrared Radiation Sounder (HIRS/2) scans a 2240 km 
swath in 20 infrared bands. 
nadir, degrading to 58.5 km (cross-track) by 29.9 km (along-track) at 
maximun scan angle. 
position. 
The 56 step scan produces IFov's of 17.4 km at 
NOAA generates latitude/lorqitude values for each scan 
The Stratospheric Sounding Unit (SSU) and Microwave Sounding Unit (MSU) 
scan in 8 and 11 steps respectively, resulting in IFQV's exceeding 120 km. 
2.3 Aircraft and Ground Based Observations 
Aircraft flights ate used to measure smaller scale cloud properties and to 
test new sensors. ?he scanning resolution depends on the instrunent and 
aircraft altitude. 
cross track resolution and a 2E8 meter along-t ck resolution. Aircraft 
navigation data is used to define image georeferencirq parameters. 
The Cloud 'lbp Scanner, for -xample, has a 100 meter 
Ground based digital radar provides measurements of rainfall intensity and, 
for doppler radars, velocity. 
with varying range, range resolution, and azimuth angle resolution. "be 
Norman, Ok. doppler radar for example has a range of 456.2 km, range gate 
resolution of 0.6 km, and azimuth angle resolution of approximately 0.8 . 
Elevation angle is varied to provide measurements at different altitudes. 
Digital returns are oriented along radial scans 
11 
Rawinsonde balloons provide measurements of temperature, altitude, dewpoint 
and winds at 40 mandatory pressure levels from over l0a stations in the U.S. 
every 12 hours. 
3. Registration Requirements 
Data registration processing for severe storms studies tends to have both 
multi-temporal a'id multispectral aspects. As mentioned in the discussion of 
the VISSR, multi-temporal imagery from a single sensor is frequently used to 
extract measurements of atmospheric motion and cloud growth. 
observations are often registered and overlayed on visible imagery from a 
single time for comparison with cloud features and are reqistered and 
intqrated with other sources (e.g., ground based observations) for comparison 
or integration with models. Examples of multi-source image registration 
include COES-west to GOES-east for direct stereo cloud top measurements, and 
digital radar to GOES visible and IR for comparison of rainfall and doppler 
velocities with cloud structure. mese multi-source observations from 
differe!;t times are then registered to produce time lapse displays and 
temporal analyses. Because of its frequent coverage, its ability to show 
mesoscale features, and the cotcputiancl time required to remap sequences of 
images to a cOmmOn projection, the GOES imagery is generally used ds the 
The resulting 
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refereice coordinate system or nap base for these analyses. 
relativ,. importance, the accurao; and remapping considerations of GOES 
sensors will be addressed further in the next subsection. Next, some 
considerations involvinq point source and gridded field registration will be 
discusst=u. Finally, in the next Section, the current multi-source 
combinations will be slmmarized. 
Because of its 
3.1 G U S  Data Registration 
As described in Section 2.1, the absolute navigation accuracy from current 
'IISSR and VAS landnark processing is on the order of 1 to 2 pixels (1-3 km). 
Errors may be intrcduced by: 
- operator errors in the identification and correlation of 
landnark, 
- geometric irregularities in the image, and 
- differences betweenl2 the oblate spheroid model and the actual 
earth's surface. 
For registration of successive image frames, relative errors are typically on 
the order of a single pixel. 
equates to an error of approximately 0.5 nJsec for 30 minute interval data and 
3 d s e c  for 5 minute interval data. 
In measurement of cloud drift winds, this 
Stereo measurements of cloud top heights are made b.1 remapping 512 x 512 image 
sectors from one GOES satellite to the projection of another. 
orbit/attitude coefficients define a (latitude, longitude) to (line, pixel) 
remappiq function and its inverse. 
grid, with bilinear iiiterpolation used to relate corresponding locations 
between grid points. 
registered images to align cloud shadows and other features. 
relative error is 3n the arder of a 
height error on the order of 0.5 km. 
?he 
This is used to generate a remapping 
Absolute georeferencirq errors are reduced by shifting 
pixel, with a resulting absoll;te cloud 
The resulting 
Oigital radar data is. registered to GOES Visible and IR imagery chrough a t m  
step process. Data in radial scan orientation (B scan) is first resampled to 
an earth latitude, lonqitude grid. Plane earth, low elevation and short range 
approximations are used where possible to reduce camputation time iii 
transforming from the radar to earth coordinate system. 
introduce an error on the order of 0.5 km (one half a GOES visible pixel). 
Next, the image in this earth latitude, longitude projection is remapped 
to the GOES projection. Bilinear interpolation is used to compute 
psitions between user specified grid pints (usually at 20 pixel spacing). 
These approximations 
11 
Polar orbiter data is not generally registered to GOES data for severe storms 
observations, prtially aae to the disparate time scales and partially due to 
the representation o f  the polar orbiter image locztion information as 
latitude, lonqltude values at sampled locations along scan lines. m e  latter 
makes the (lire, pixel) t o  (latitude, longitude) transformation trivial, but 
makes the inverse transformation difficult to solve. It is therefore easier 
to register data using t h e  polar orbiter image as a base. 
i o i  
3.2 Point Source and Gridded Field Registration 
Point source or station observations (e.g., winds from VISSR, soudings froiri 
VAS, and rawinsondes) have know, locations atid can easily be overlayed on maps 
or GOES imagery. However, further analysis and comparison with image features 
frequently requires gridded fields for contouring or diagnostic (e.g., 
divergence) ccmputation. Furthermore, integrated analysis of multiple 
parameters requires that all parameters be represented in the same grid 
locatio.%. A number of techniques are used to interpolate between point 
source observations to compte values at intermediate grid points. 'These 
techniques include weighting values by inverse distance within a search area, 
eliminating pints that are shadowed by closer pints, and interactive schemes 
that recompute weights based on residual eriors between original point values 
and values interpolated from the gridded field. 
and algorithm parameters affects the degree to which the gridded fidd 
represents features in the data. 
The selection of technique 
4.0 S m a r y  and Rocmendations 
Current multi-source and multi-temporal registration requirements are 
sumnarized below: 
Mult i-ttinporal 
- GOES VISSR and VAS image frames to first image of a sequence 
- Station observations and gridded fields to GOES image and 
to map projections 
Multi-source 
- GOES VISSH/VAS - west satellite projection to east satellite 
projection (or the reverse) 
- Digital radar to GOES VISSR/VAS 
- Station observations and qridded fields to GOES VISSR/VAS 
Because the GOES image projection generally serves as a cMmOn base, 
rqistrat.ion accuracy requirements are generally 1 km (1 visible pixel). 
Registratior of the above data for research case studies generally allows 
sufficient time for the remapFing process. 
as will be performed on the Centralized Storm Information System (CSIS), 
the rqistration and overlay must be prformed in minutes. 
13 For nowcasting applications 
While the above capabilities for data registration are fairly powerful, 
limitations still exist: 
(1) 
clear whether improved models or procedures can improve this. Furthermore, 
non-linearities are observed in short interval imaJPs that bre not four.d in 30 
minute data and are therefore not modeled in the navigatiofi function. 
Absoluts errors on GOES VISSR image are as high as 6 pixels. It is not 
(2)  Stereo GOES image pairs are currently offset interactively to compensate 
for absolute navigation errors. 
the two images may improve the registration accuracy and thus the accuracy of 
cloud height measurements. 
Registration using relative control points in 
( 3 )  The incorporation of a new data source (e.g., a polar orbiting sounder) 
into B ~ I  analysis requires the developnent of additional software to identify 
and extr-t image control points and to perform the necessary resampling and 
remappiry to the reference map projection. It is also extremeiy difficult to 
experiment with map projections, resolutions, and resampling functions. 
interactive "geographic information system" is needed that allows selection of 
map projection, resolution, data sources, and resampling function for each 
source. Image 7eorefercncing function implementations are needed for 
diffarent data sources that embody aproximations for computational efficiency 
whiie maintaining reqdired geogramic awulacy. Finally, the system interface 
should provide for straightforward addition of new sources ir. terms of format 
and image location parameters. 
An 
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4.6 OCEANOGRAPHIC SATELLITE R M T E  SENSING: 
REGISTRATION, RECTIFICATION, and MIA MTE6iUfIQH REQUIREHENTS 
David A. Nicbls  
Jet Fropulaicrn Laboratory 
IHSROD?JCTIOE: 
Oceanographic remote sensi3g is sti l l  i n  its beginning stages of develop- 
nent. Resrilts from t h e  e a r l y  meteorological satellites suggested t h a t  Para- 
meters of oceanographic  i n t e r e s t ,  s u c h  as sea surface t e m p e r a t u r e s ,  might  
r e a d i l y  be o b t a i n e d  by sa te l l f te  r e m o t e  sens ing .  The a c c u r a c y  of t h e  data, 
however, sas found t o  be unacceptable. Later instruments,  such aa those flown 
on  Seasa t4 ,  demons t r a t ed  t h e  f e a s a b i l i t y  of o b t a i n i n g  n e a r l y  all-neather 
ooserviztions of wind speed and d imc t io~ ,  wave height,  sea surface temperature  
and e l e v a t i o n  These data, along w i t h  those obtained by t he  latest generat ion 
of w e -  - h e r  satell i tes,  a p p e a r  t o  be o f  much greater u t i l i t y .  The r e l a t i v e l y  
l i m i t e d  experience w i t h  t hese  systems, bowever, p laces  much of oceanographic 
remote seneing a t  a s t age  where reaults are still being v e r i f i e d  and evaluated. 
Calibrated geophysical parameters are ava i l ab le  for many of the data items, but  
t h e  q u a l i t y  and s igni f icance  of tbese observat ions is only now beginniw t o  be 
understood. 
There are maay r e a s o n s  why o c e a n s  r emote  s e n s i n g  h a s  lagged behind 
me t e o m l o g i c a l  and terrestrial a p p l i c s  t i ons .  They canno t  a l l  be addres sed  
here, but a significant Impediment has beeq t h e  lack of  appiopr ia te  tools f o r  
acquiring, processing and analyzing remotely sensed data. Unt i l  very r ecen t ly  
only a f e w  oceanographic i n s t i t u t i o n s  had any semblance of an  image procewing 
c a p a b i l i t y  - a capab i l i t y  which is mandatory for processing and viewing image 
data and extremely I-seful  for processing and displaying nonimage data. T h i s  
lack of computerized tools for remotely sensed data processing, e spec ia l ly  data 
i n t e g r a t i o n ,  has been &n impediment  t o  a l g o r i t h m  development  and s e n s o r  
v e r i f i c a t i o n .  The lack of a p p r o p r i a t e  mechanisms f o r  a c q u i r i n g  t h e  da t a  
c o n t i n u e s  t o  cause problems but  is c u r r e n t l v  be ing  addressed,  t o  a l i m i t e d  
rfegree, by the  O c e a n  I i l o t  System1. 
Operatioaal 
appl ica t ions  are i n  the  best pos i t i on  to  dictate  Cata in t eg ra t ion  requirements,  
but operat ional  oceanographic app l i ca t ions  usua l ly  r equ i r e  real- o r  near-real- 
t i z e  da ta .  Data i n t e g r a t i o n  s e r v i c e s ,  which are g e n e r a l l y  q u i t e  time 
consuming, are  t h e r e f o r e  precluded.  For t h i s  r ea son ,  data  i n t e g r a t i o n  i s  
l a r g e l y  a problem p e r t i n e n t  t o  research oceanography and r e q u i r e m e n t s  of  
r e s e a r c h  pro . iec ts  v a r y  w i d e l y  i n  t h e  r e q u l r e a e n t s  area. W i t h  t h e  l a u n c h  o f  
S e a s a t  i n  1978 and w i t h  t h e  improved z i c u r a c v  and a v a i l a b i l i t y  of  data f rom 
meteorological satell i tes,  ocean remote sensing is enter ing  a period i n  which 
t h e  necessary a n a l y s i s  t o o l s  are b e i n g  b u l l  t 2nd i n v e s t i g a t o r s  are becoming 
more f a m i l i a r  w i t h  t h e  v a r i o u s  s e n s o r  systems.  T h i s  shou ld  lead t o  more 
i n v e s t i g a t o r  concern  w i t h  data i n t e g r a t i o n  r e q u i r e m e n t s  f o r  s c i e n t i f i c  and 
ope ra t iona l  purposes. 
T a b l e  1 presents  a summary of t h e  primary s o t e l l i t e  sensors  of i n t e r e s t  t o  
oceanography. (See also ~ i l s c n 5 . )  Since micrbwave sensors  are so prevalent ,  
r e s o l v i n g  t h e  d i f f e r e n t  I F O V s  and s u b s a t e l l i t e  cove rages  becomes e x t r e m e l y  
d i f f i c u l t .  All present ly  operat ing oceanographic satellites pr imar i ly  Contain 
imaging-type sensor3.  T h i  mekes Image p r o c e s s i n g  a n  i m p o r t a n t  t o o l  f o r  
present-day oceanographic sfudies.  
Firm data in t eg ra t ion  requirements are d i f f i cu l t  t o  p in  down. 
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TABLE 1 
Summary of s e n s o r s  of pr imary i n t e r e s t  t o  oceanographers  
I I 
I I I 
I 
SATELLITE SENSOR I TYPE ! CkVANELS 
I I PRIMARY 
I H A G I N W  I I GEOPHYSICAL 
PONIHAGING I IFOV I PAMMETERS 
I I I I I 
I I 
I 
Seasat ;Radar Ai- ;Act ive  i13.5 G H z  INonImaging i2.4-12 km )Wave h e i g h t  
GEOS-3 I&wter I I ! (depends o n  ! W i n d  speed 
ISea State) ISea s u r f a c e  
I I h e i g h t  
I 
I I 
I 
I(ALT) I 
I 
I I I 
1 .  
I I 
1 
I 
I 
I 
Seasat l scann lng  : P a s s i v e  I 6.6 GHz :Imaging I120 x 79 km Isea surface 
NIHBUS-7* I N u l t l -  I i10.7 GHz !(Low rate) I 74 x 49 km I temp. 
:Channel 1 118.0 GHz I I 43 x 28 km :Wind a w e d  
I Mlc mwave I 121.0 GHz 
1 Radiome :er 137.0 GHz 
I(sMMR) I I (Vertical 
I i 1 t a l  polar-  
I I 
I I I & horizon- 
I 
I I i t y )  I 
I I I 
Seasat ISeasat-A !Ac t ive  114.6 GHz 
I 38 x 25 km :Water i a p o r  
I 22 x 14 km !Liquid 
I I water 
I I 
I 
I 
i I 
I I 
I I 
Nonimaging I 16 - 23 km :Wind Speed 
~~ 
I x  :Wind Direc- 
I h i g h l y  v a r i -  I 
I t r y  
I I I Satel l i te  I 
Iscattern-I I I I 36 - 93 km I t i o n  
Imeter I I 
I(SASS) I 
I I 
:Ape r tu re  I I I :Dependent o n l S p e c t r a  
(Radar I 1 I !Ground P r o  -!Sea Ice 
i I 
I I Iable geome- I 
I 1 I 1 I 
I I 
I I I I 
I 
Seasat ISyn the t i c IAc t ive  I 1.275 GHz :Imaging I '25 meters !Wave 
I I 
I 1 ( SAR 1-1 Icessing 1 
Nimbus-7+ f C o a s t a l  I P a s s i v e  I .43 3-. 453 I Imaging .825 kn I C h l  orop hy l  1 
I I 
I 
I Zone 1.510-.530 I I concen t r a -  
!Color I 1.540-.560 I I t i o n s  
I scanne r  I 1.660-,680 I I 
I(CZCSj I !.700-.800 I 
I 11b.5-12.5 I I 
I 
I 
I I I 
I I I 1 
1 I 
IResolu- i 13.55-3.93 I I s l i g h t l y  
i t i o n  Ra- I 110.5-11.3 I I less 
NOAA-6/7* :Advanced : P a s s i v e  lO.58-0.68 !Imaging (1.1 km 
TIROS-N ;Very  High: i.725-1.1 1 ;Channel :. 
ldlometer 1 111.5-12.5 i I I 
Ocean Color 
Diffuse 
a t t e n u a t i o n  
c o e f f i c i e n t  
Cloud c o v e r  
Sea s u r f a c e  
t e m p e r a t u r e  
I 1 I I 1 (AVHRRI-I I- I 
NOTE: Nimbus-7 and  NOAA-6 a n d  7 are  t h e  o n l y  c u r r e n t l y  o p e r a t i o n a l  
NOAA-6 and TIBOS-N c o n t a i n  o n l y  4 c h a n n e l s  
sa te l l i t es  
Data integration rsquirements for  oceanographic remote se~?iq$l,6,7 CR.I be 
placed ic  several catec;oriea. Comparison of one observation w i t h  a?lother a t  
the same geographic location is important as i t  is in all disciplines. O b s e r -  
vatiLons mus t  be earth-looated and interpolated i n  orCer to  either in i t ia l ize  or 
t e s i  numerical mcdels. Observatioiis must be earth-located t o  measure magnitude 
and motion of featrlres. Finally, observations must be located, interpolated, 
and map-projected i n  order t o  provide maps depicting two-dimensional 
dis tri bu t ions, 
Comparison of observations is an importani aspect of not only disciplinary 
research b u t  a l so  senaor valiZition. Observations of a physical phenomenon 
from a given sensor need t o  be compared w i t h  observations of the same 
phenomenon from other sensors which may be on the same sa ta l l i t e ,  on a differ- 
e n t  s a t e l l i t e  o r  on a b  a i r c r a f t  platform. High-rate obserdations, s r c h  as  
AVHRR sea surface temperatures ( 1  pixel  - 0.8 km) need t o  be compared w l t h  
other observhtions of the same parameter fYom a low-rate sensor such as Seasat 
SMMR ( t  pixel - 18 x 28 km). 
The different IFOV slzes and shapes and sensor coverages on even the same 
sa t e l l i t e  make observations d i f f icu l t  to  compare (See Table 1). Added t o  t h i s  
i s  the fact that  t h e  ocean is a dynamic system so that  comparivuns of observa- 
t ions taken a t  d i f f e ren t  times (even a feu hours apar t )  requi re  temporal 
interpolation as well 89 spatial interpolation before va l id  comparisons can be 
made, 
Correcton of one sensor w i t h  da ta  f r o 3  another leads t o  an addi t ional  
integration requirement. A single sensor is often incapable of making all the 
measurements necessary t o  derive a pa r t i cu la r  geophysical parameter. For 
example, t o  make efficient path-length corrections to  the Seasat Altimeter aea 
surface eievation measurements, Seasat SMMR water vapor content estimates are 
used where available. The SMMR is also used t o  ad jus t  scat terometer  (SASS) 
returns for atmospheric attenuation effects. If an outside correction source 
i s  on a d i f f e r e n t  s a t e l l i t e  or even i n  an e n t i r e l y  d i f f e r e n t  form (e.&, map 
form) t h e  data integration problen: becomes even more acute. 
Feature identification, measurement and ncvement tracking requires earth- 
located data. Examples of these operations are found i n  the current warm ring 
analyses8,g bein, performed a t  severai institutions. Sa te l l i t e  projections do 
not  a l low distance measurements i n  the image i n  l ine  and  sample coordinates, 
A t ransformation from l i n e  and sample to  geographic coordinates ( l a t i -  
tude/longitude) m u s t  be obtained and used. I t  is a l s o  necessary t o  compute 
this t r a n s f o r m t i o n  t o  measure fosturc movement through time. The dynamic 
ocean system prec ludes  s imple  scene l scene  r e g i s t r a t i o n  and s i m p 1 2  
differencing. 
The two-dimensional. display of sensor observations implies mapping. Vaers 
a re  accustomed t o  reading maps w i t h  spec i f i c  01 ' en ta t ions ,  projections,  and 
cartographical characteristics. Satel l l tes  have yet t o  provide uaps directly 
w h i c h  s a t i s f y  these predictions. I n  fact, many sa t e l l i t e  projections are so 
distorted that i t  is unreasonable to  expect investigators t o  become acclistomed 
t o  them. I t  becomes necessary, therefore, a t  some stage of analysis, to place 
t t e  data i n t o  a su i tab le  map project ion and c rea t e  a map using conventional 
cartographic met hods (albeit  automated). 
107 
Happing o f  i m a g e r y  d a t a  seems f a i r l y  s t ra ightforward.  However, i t  is 
d s o  impor t an t  t o  create maps which are based on data from noniaaging sensors 
s u c h  a s  t h e  Seasat A l t i m e t e r 3 .  F h e s i  da ta  are, i n  q e c e r a l ,  
randomly spaced. For a number of reasons, a p a r t i c u l a r  sample may be mi:31ng 
or wreadable, I n t e r p o l a t i o n  t echn iques  f o r  establ ish;% a r eazonab l s  value 
are needed. A l t e r n a t i v e l y ,  c a r t o g r a p h i c  t e c h n i q u e s  a r e  r e q u i r e  A ''or 
i n d i c a t i n g  m i s s i n g  v a l u e s ,  y s t  p r o v i d i n g  a n  e a s i l y  readable map. Ocecu 
ographers  are concerned no t  on ly  w i t h  two-dimensional d i s t r i b u t i o n s  bat  al SO 
with  three-dimensional d i s t r i b u t i o n s  shown ei ther  s y n o p t i c a l l y ,  time e rei aged, 
or as a t iae cont inuum. The o n l y  e f f e c t i v e  way t o  d i s p l a y  t h e  f o u r -  
dimensional i n f o r s a t i o n ,  89 t h e  l a t t e r  requirement  implies ,  is v i a  anipat! in 
The art  and s a l e n c e  o f  computer g r a p h i c s  p rov ides  the  technoZogica1 bass  for 
a n i m a t i o n  I t  2s necessary,  though, to  map-project, register, t empora l ly  and 
s p a t i a l l y  i n t e r p o l a t e ,  and reformat t h e  data t c  t a k e  advantage of t ha t  techno- 
logy. 
(See F i g u r e  1.) 
P o s i t i o n a l  accuracy r equ i r emen t s  for oceanography are n o t  as stringent as 
for terrestrial remote s e n s i n g  bu t  are more i n  l i n e  w i t h  me teo ro log ica l  . .ppli- 
c a t i o n s .  Using p r e s e u t  nav1gat:on ( e a r t h - l o c a t i o n )  t e c h n i q u e s  f o r  polar- 
orbiting Image data sets2, accLracic.3 are adequate for all b u t  micro- and f i n e -  
sca le  s t u d i e s .  Open-ocean p o s i t - c  ?a1 c o n f i d e n c e  is p r o b a b l y  wi th i . ,  5 
k i lometers  w i t h  a c c u r a c y  b e i n g  w i t h i n  a k i l o m e t e r  n e a r  l andmarks .  These  
a c c u r a c i e s  are  a d e q u a t e  f o r  niacm- and m e s o s c a l e  s tud ie s .  Addit ional  posi- 
t i o n a l  accuracy i n  open-ocean ar tas  would enable much more a c t i v i t y  in f i n e -  
scale research. Table 2 p r e s e n t s  the  spatial scales associated w i t h  v a r i o u s  
classes of oceanographic research. 
I 
I RESEARCH FEATURE S I Z E  
I I 
1 I I 
macroscale g l o b a l  f 
I mesoscale 1 10-1000 km 
2-5 km I f i n e - s c a l e  I I 
1 nicroscale < 1 kr 
1 I 
I I 
I 
I I I 
I 
1 
I I 
I I I I 
TABLE 2 
Comparison of oceanographic r z z - a r c h  areas a A  spatial scales. 
AREAS FOR RESEARCH AND DEVELOPMENT 
Data I n t e g r a t i o n  is a problen:  f o r  o c e a n o g r a p h y  just a s  f o r  a n y  o t h e r  
d i s c i p l i n e .  Areas where progress is needed inc lude  technique development and 
e v a l u a t i o n ,  u n d e r s t a n d i n g  r e q u i r e m e n t s ,  and packag ing  t echn iques  f o r  speed,  
e f f i c i e n c y  and  ease of use. Same s p e c i f i c :  t o p i c s  f o r  f u t h e r  research and  
development are p:esented below. 
1 os 

TECHNICUE EVALUATION BND DEVELOPMENT 
- Evaluate techniques f o r  e s t a b l i s h i n g  geophysical 
values in amirs of missing d a t a  
- Eva lua te  techniques f o r  temporal interpolat ion 
- Compare a136 evaluate slternative navigation strategies. 
- Develop algorithms f o r  automated coastl ine detectiob and correla- 
t i o n  w i t h  vector-coded c o a s t l i n e  data (e.g., World Data Banks I 
and X I ) .  
FURTHER CEVELOPHENT OF REQU1:REWNTS 
- Define spatial scale requirements f o r  fine-scale stadies. 
9 DePine requirements f o r  band-to-band r e g i s t r a t i o n  of mu1 t i b a n d  
imagery. 
- Define requirements for muftisensor da t a  Integration, where 
sensors may be tn the same apte l l i t e ,  a different  s a t e l l i t e ,  G r  
on a i rc raf t  and satellites. 
9 Define data integration reqiiSments for operatlorral applications. 
PACKAGING AND SYSTEH D E S I G N  
- Produce a well-organized, e f f i c i e n t l y  accessed, c o a s t l i n e  and 
landmark f i l e  fo r  use i n  i n t e r a c t i v e  a d j u s t m e n t s  t o  navigat ion 
parameters. 
- Develop automated methods of acquiring, managing, and u t i l i z ing  
o r b i t a l  psrameters and clock a d j u s t s e n t s  provided by t r a c k i n g  
f acU i t ies .  
= Develop analysis systems w i t h  u s e r - f r i e n d l y  interfaces enabling 
researchers  t o  r o u t i n e l y  perform da ta  i n t e g r a t i o n  t a s k s  i n  a 
short period of time. .,lese sys t ems  would a l so  provide the basis 
for. evaluating new integratizn techniques as they are  developed 
i n  research activit ies.  
Provide t r a n s p o r t a b l e  sof tware  s o  t h a t  tire m i n i m u m  amount of 
e f f b .  t has t o  be expended in d u p l i c a t i n g  da ta  i n t e g r a t i o n  
c a p a b i l i t i e s  a t  var ious  sites. T h i s  is important  because t h e  
research nature of oceanogr3Dhic remote sensing d a t a  integration 
i m p l i e s  decent ra l ized  a c t i v i t i e s .  Also, t h e  w i d e  v a r i e t y  of 
sensors of in te res t  suggests that  centralized data integration 
capabi l i t ies  w l l l  not exis t ,  a t  l e a s t  u n t i l  full-scale discip- 
l i n a r y  data systems a r e  b u i l t .  
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5.0 PRESENTATIONS ON SPACE SEGMENT ERRORS 
5.1 SUMMARY 
It was t h e  purpose o f  t h e  space  segment errors a n a l y s i s  t o  firs: g i v e  a b r i e f  
overview of the  i n d i v i d u a l  s e n s o r  sys tem d e s i g n  elements considered t o  be a 
p r i o r i  components i n  t h e  r e g i s t r a t i o n  and r e c t i f i c a t i o n  p rocess ;  and second: 
provide an a n a l y s i s  o f  t h e  p o t e n t i a l  impact of error budgets  on mult i temporal  
r eg iz+ . r a t ion  and s ide- lap r e g i s t r a t i o n .  The p r e s e n t a t i o n s  reviewed t h e  
p r o p e r t i e s  o f  s canne r ,  MLA, and SAR imaging sys t ems .  Each s e n s o r  d i s p l a y s  i n -  
t e r n a l  d i s t o r t i o n  p r o p e r t i e s  which t o  va ry ing  degrees  make i t  d i f f i c u l t  t c  
g e n e r a t e  on or thophoto p ro jec t io r ;  o f  t h e  d a t a  a c c e p t a b l e  f o r  mult iple-pass  
r e g i s t r a t i o n  or meeting n a t i o n a l  map accuracy s t a n d a r d s .  Each s e n s o r  a l s o  i s  
a f f e c t e d  t o  varying degrees  by re l ie f  displacements  i n  moderate t o  h i l l y  ter- 
r a i n .  Nonsensor r e l a t e d  d i s t o r t i o n s ,  a s s o c i a t e d  w i t h  t h e  accuracy o f  ephemer- 
is de te rmina t ion  and platform s t a b i l i t y ,  a l s o  have a major impact on l o c a l  
geometric d i s t o r t i o n s .  It was f o r  t h i s  r eason  t h a t  a review o f  platform sta- 
b i l i  t y  impk'ovemerts expected from t h e  new Mu1 t i-Mission Spacec ra f t  series and 
improved ephemeris and ground c o n t r o l  p o i n t  de t e rmina t ion  from t b ?  NAVSTAR/ 
Global Pos i t i on ing  SatFlli te systems were reviewed. 
5.2 SPACEBORNE SCANNER IMAGING SYSTEM ERRORS 
Arun Prakash (General Electric) * ? I t  
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spaceborne There a r e  var ious s t ages  and forms o f  error i n  anner imaging 
s y s t e m .  The instrument,  i n  t h i s  case co tx i s t ing  of  t h e  spacecraf t  and its 
sensors ,  is designed t o  behave In  a nominal or i dea l  way. Ir; r e a l  operat ing 
condi t ions,  t he re  a r e  devia t ions  from t h i s  nominal behavior, lhese  devia t ions  
a r e  a source of  e r r o r  not only a s  independent e n t i t i e s  b u t  because of t he  i n -  
terdependence of t h e  var ious components of  the  instrument. Thus ,  dev ia t ion  
from design of one parameter may cause another t o  d isp lay  nonoptimal behavior. 
lhe devia t ions  mentioned above a r e  l a r g e  enough t h a t  i f  t h e y  a r e  ignored in 
subsequent processing on the  ground, t h e  r e s u l t i n g  images w i l l  be d i s t o r t e d  
and misregls tered t o  unacceptably high levels. Therefore, d i r e c t  or i nd i r ec t  
measurement of  devia t ions  i n  instrument performance is necessary. Inaccura- 
c i e s  i n  measurements form a source of e r r o r  which u l t imate ly  f i l t e r  through t o  
the  output image along with ground processing errors. 
I n  t h i s  paper we w i l l  d i s c u s s  errors due t o  deviat ion from idea l  i n s t r u m e n t  
performance and due t o  t h e  measurement sys tem.  The dIscus,sion w i l l  be w i t h i n  
the  Landsat-D system framework which cons i s t s  of  t h e  spacearaf t  and t w o  scan- 
ner type sensors-the Thematic Mapper (TM) and the  Mult ispectral  Scanner (MSS) 
c1,21. 
Whatever the  source of e r r o r  i n  the  in s t rumen t ,  when i t  propagates through t o  
the  image the  e r r o r  can be c l a s s i f i e d  a s  e i t h e r  radiometric e r r o r  or geometric 
e r ro r .  On ground, it Is d i f f i c u l t  t o  d i s t ingu i sh  betweer! these two forms of  
e r r o r  b u t  from t h e  poirlt o f  view of t3e instrument,  t he re  is no i i f f l c u l t y  i n  
making t h i s  c l a s s i f i c a t i o n .  I n  t h i s  paper we d iscuss  orily those i n s t r u m e n t  
components which cont r ibu te  tti geometric e r r o r ,  because radiometric e r r o r  is a 
function of parameters t h a t  a r e  l a rge ly  independent of the  instrument being a 
scanner t y p e  or not. 
Geometric e r r o r  implies laLk of accurate  knowledge of the pos i t ion  of a sam- 
ple .  To place a de tec tor  sanple  of the spacecraf t  sensor prec ise ly  on ground, 
one needs t o  knou the  time the  sample was taken, the  posi t ion of the  space- 
c r a f t ,  i t s  o r i en ta t i cn  ( i n  i n e r t i a l  space) and the o r i en ta t ion  of  the  sensor 
body wi th  respect  t o  t h e  spacecraf t  a l l  a t  t h a t  same time. These a r e  the  
platform o r  spacecraf t  components of t h e  imaging s y s t e m  t h a t  need t o  be known. 
I n  addi t ion ,  t he  sensor c h a r a c t e r i s t i c s  and dynamics need t o  be known fo r  all 
time. O t h e r  important. components w h i c h  w i l l  not be s p e c i f i c a l l y  d i s c u s s e d  
here a r e  ea r th  shape, s p i n ,  atmospheric e f f e c t s ,  e t c .  
The next sec t ion  d iscusses  t h e  platform e r r o r s  and Section I11 covers the  sen- 
sor e r ro r s .  For convenience, Table 1 shows the u n i t s  o f ten  used i n t e  p - g e -  
ably i n  descr ibing t h e  e r ro r s .  
11. PLATFORM ERRORS [ 7 , 8,9,111 
With  the exception of  spacecraf t  j i t t e r ,  a l l  platform e r r o r s  vary slowly 
(low-frequency e r r o r )  w i t h  respect t o  t h e  time required t o  c o l l e c t  da t a  for 
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one image. The direct  e f f e c t  of these  errors on the  image is a s h i f t  or reg- 
i s t r a t i o n  e r r o r  a s  opposed t o  d i s t o r t i o n  of f ea tu res  within an image. We now 
discuss  the  four components o f  platform e r r o r  ind iv idua l ly ,  remembering t h a t  
t h e  Landsat-D System framework is assumed. 
Time [73 
The spacecraf t  clock is updated once every 24 hours from t h e  ground. The ac- 
curacy of t h ?  updated time is +3 milliseconds.  I n  a 24-hour period, the clock 
can also d r i f t  by a maximum o f + 1 7  msecs. Thus a maximum of 420 msec inac .u r -  
acy can bui ld  up i n  t he  spacecraf t  clock This time e r r o r i s  e s s e n t i a l l y  a 
b i a s  f o r  any one image and may be t r ea t ed  a s  a spacecraf t  or image pos i t ion  
knowledge uncertainty.  
-
Ephemeris [7,8,91 
The nominal spacecraf t  o r b i t  parameters and devia t ions  from them a r e  shown a t  
the bottom of Table 2. A t  t h e  top of t h e  t a b l e  is shown t h e  e r r o r  incurred i n  
measuring the  spacecraf t  ephemeris. This is t he  measurement e r r o r  incurred 
when ephemeris information is u p l i n k e d  frcm t h e  ground. I n  t h e  GPS modes, 
these e r r o r s  would reduce subs t an t i a l ly .  The along-track and cross-track po- 
s i t t o n  e r r o r  d i r e c t l y  results i n  an image r e g i s t r a t i o n  e r r o r ,  whereas the  a l -  
t i t u d e  deviat ion causes the  ground projected p ixe l  s i z e  t o  vary. 
Att i tude 17,8,9,10,111 
The nominal a t t i t u d e  of t h e  spacecraf t  implies geocentric pointing of the  sen- 
sor  op t i ca l  axis .  For the  Landsat-D TM, t h e  a t t i t u d e  e r r w s  a r e  shown i n  
Table 3, along w i t h  j i t t e r  errors (which a r e  high-frequency a t t i t u d e  e r r o r s ) .  
The spacecraf t  a t t i t u d e  cont ro l  is i n  e r r o r  by 36 a rc  sec 1’1. This is a 
low-frequency e r r o r ,  a s  shown. The TDRSS antenna a- ive i n t e r a c t s  w i t h  the  
spacecraf t  s t r u c t u r e  and causes a t t i t u d ? / j i t t e r  e r r o r  of t h e  magnitude shown. 
It should b e  noted t h a t  most of t h i s  e r r o r  is i n  the  lower-frequency range and 
can be measured by the  gyros. 
High-frequency J i t t e r  i n  the  spacecraf t  i s  caused by t h e  scanners themselves. 
Odd hai’monics of the  scan mirror frequency ( 7  Hz f o r  t h e  RI and ;3.62 Hz f o r  
the PSS) a r e  f ed  back t o  t h e  sensors through the spacecraf t  s t ruc tu re .  An an- 
gular  displacement senscr ( A D S )  is used t o  measure h i s  j i t t e r  on the TM sen- 
sor .  I n  Table 3, the  tRse l ine  and the  worst case design values  f o r  j i t t e r  i n  
the  r o l l ,  p i t ch ,  and yaw sxis is given. Error i n  ADS and D R I R U  ( d r y  r c t o r  
i n e r t i a l  reference u n i t )  c a l i s r s t i o n  causes measurement e r r o r  i n  a t t i t u d e /  
j i t t e r .  
A 1  1. p e n t  [ 7 , 8  1 --
The spacecraf t  assumes a predetermined alignment between t h e  pointed a x i s  and  
the master reference cube i n  order t o  achieve proper pointing. This predeter- 
mined alignment can, however, be achieved t o  w i t h i n  only a ce r t a in  to le rance ,  
and t h e  rea l  a l i g r i e n t  can be  measured t o  o n l y  a ce r t a in  accuracy. The values 
a r e  shown i n  Table 4 .  Another e r r o r  source i n  alignment is the  f a c t  t h a t  i t  
does not remain constant .  ThPre is a dynamic component t o  I t  caused mainly by 
thermal bondir,g due t o  spacecraf t  temperature changes. The s t a t i c  e r r o r  com- 
ponent of alignment results i n  the  sensor pointing Away :ram nominal an3 Is 
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equivalent t o  , . I  att:t.ude e r ro r .  ?he dynamic component has a time constant  
t h a t  is l a rge  enough (about 760 secs )  t h a t  the  r e su l t i ng  error over one image 
is e s s e n t i a l l y  constant.  Both result i n  image r e g i s t r a t i o n  errors. 
Table 5 shows t h e  approximate geometric e r r o r s  ( i n  metera) i n  knowledge of t h e  
posi t ion of  an image d u e  t o  platform e r ro r s .  These e r r o r s  a r e  e s s e n t i a l l y  
constant  f o r  one image and therefore  result  I n  image misreg is t ra t ion .  The a t -  
t i t u d e  e r r o r  shown here is t h e  result  of the  low-frequency (c2-H~) a t t i t u d e  
e r ro r s .  Higher-frequency a t t i t u d e  e r r o r s  ( j i t t e r )  a f f e c t  the  scan p r o f i l e  and 
w i l l  be d e a l t  w i t h  i n  t h e  n e x t  sec t ion .  Note t h a t  the alignment e r r o r  can be 
extremely l a rge  but postlaunch c a l i b r a t i o n  w i l l  reduce t h i s  e r r o r  
subs t an t i a l ly  . 
111. SENSOC ERRO3S [5,6,8,91 
I n  t h i s  sec t ion  e r r o r s  i n  t h e  sensor a r e  d i s c u s s e d .  Some of these ermrs a r e  
a result  cl platform e r r o r s  such as spacecraf t  a l t i t u d e  or j i t t e r .  O the r s  a r e  
e r r o r s  i n  the sensor i t s e l f .  Spec i f ic  e r r o r s  w i l l  be discussed w i t h  respect  
to t h e  R1 and t h e  MSS w i l l  b e  indiceted.  As background, t h e  a r , i c l e  by 
Blanchard and Weinstein 131 on the  TM design provides a good review of  the  es- 
s e n t i a l  design components of a scanner imaging svstem. 
One advantage of a scanning sensor ove? nonscanning k i n d s  is that- ob jec t  plane 
scanning can be used. This s impl i f i e s  t h e  performance requirements f o r  the 
rest o f  the op t i ca l  s y ~ t e m  by requir ing t h e  te lescope t o  operate  a t  only v e r y  
small f i e l d  angles. Moreover, t he  same zone of each element is used a t  a l l  
scan angles which el iminates  many of t h e  major problems of off-axis  imaging. 
n?e scanning mechanism, however, is a l s o  a major source of e r r o r  i n  these sen- 
sors .  Idea l ly ,  t h e  samples from a l i  the  scans s h o ~ l d  form s n  e v e n l y  sampled 
g r i d  on the  ground. Deviations from t h i s  ideal izat ior i  m u s t  be  measured ir? 
rea l  time so tha t  appropriate  ground processing can b e  applied.  I n  order t o  
underatand these devia t ions ,  schematics of the  MSS and R1 sensor mechanisms 
a r e  shown i n  Figures 1 and 2. 
The MSS design is r e l a t i v e l y  s t ra ightforward.  Fiber op t i c s  a r e  used t o  t rans-  
m i t  t h e  focused image energy t o  the  de tec tors .  There a r e  four bands w i t h  six 
de tec tors  p e r  band. Sampling of the  de tec tor  outputs  is done only during a 
scan mirror forward scan. The reverse scan is used t o  br ing the  mirror back 
t o  its i n i t i a l  posi t ion only. 
The TM, on the other  hand, doe? i t s  imaging d u r i n g  both forward and reverse 
scans .  DJe t o  the r e l a t i v e  ve loc i ty  between the Earth and the spacecraf t  i n  
t h e  in-track direct!on, the forwdrd and reverze scans when projected t o  ear th  
a r e  skewed t o  each o ther .  Another scan mirror ( t h e  Scan L i n e  Corrector) t h z t  
opposes the r e l a t i v e  in-track motion, is used t o  compensate lor t h i s  e f f e c t .  
The R1 h a s  seven bands and a t o t a l  of 100 de tec tors .  These de t ec to r s  a r e  d i -  
r ec t ly  placed on t h e  focal  plat?e; t h u s  f i b e r  op t i c  r e l ays  w i t h  t h e i r  a t tendant  
losses  a re  bypassed. ?pacing between bands is natura l ly  l a rge r  i n  such a de- 
s i g n  -- up t o  183 samples maximilm (compared to  a maximum of six samples fo r  
the MSS). Scan p r c f i l e  r epea tab i l i t y  and  precise  timing is therefore  c r i t i c a l  
for  accurate band-to-band r e g i s t r a t i o n .  
The m i r r o r  mechanism that does the scanning is a major source of e r r o r  i n  
these sensors -- f o r  the TM, t k i 3  means the  scan mirror and t h e  scan l i n e  
correc tor  mirror.  During ac t ive  scan (when imaging is done) the scan mirror 
design d i c t a t e s  t h a t  no torques a c t  on it .  Under these condi t ions,  t he  scan 
mirror moves a t  a constant  angular ve loc i ty  i n  i n e r t i a l  space. This ve loc i ty  
i s  rredetermined by design. The scan l i n e  cor rec tor  mirror is a l s o  designea 
t o  scan w i t h  a constant  m e u l a r  ve loc i ty  opposing t h e  in-tracu ve loc i ty  of  t h e  
spacecraf t  w i t h  respect  t o  the  Earth. The design of the  scan l i n e  cor rec tor  
angular ve loc i ty  is  based on the spacecraf t  a l t i t t - '  and veloci ty .  
Deviations from design condi t ions of the  scan mechanism r e s u l t  i n  in-t.rack and 
cro<,s-track e f f o r t s .  We w i l l  d i scuss  t3ese e r r o r s  i n  terms of t h e  scan 
prof i les .  
Cross-Track P r c f i l e  
T h e s .  a r e  the p r o f i l e  e r r o r s  i n  t h e  scan mirror motion. Again, t h e  TM is used 
a s  a base t o  descr ibe t h e  e r ro r s .  Two k i n d s  o f  e r r o r s  occur. Design condi- 
t i o n s  of torque-free i n e r t i a l  mction result i n  e v e n l y  spaced samples on ground 
(ignoring the ea r th  curvature  e f f e c t s  and s l a n t  range e f f e c t s )  and a l i n e a r  
mirror angle versus time p lo t  ( p r o f i l e ) .  Due t o  small res idua l  torques,  how- 
ever ,  a nonlinear p:ofile is ac tua l ly  achieved. This means t h a t  the  mirror 
motion is f a s t e r  o r  slower than nominal and results i n  ground sample spacings 
t h a t  a r e  uneven. Cross-track p r o f i l e  nonl inear i tv  of the  scan l i n e  cor rec tor  
a l s c  adds t o  thc t o t a l  cross-tl'ack p r o f i l e  i i n e a r i t y .  However, t h e  scan l i n e  
cor rec tor  nonl inear i ty  is la rge ly  i n  the  in-track d i r ec t ion .  
The o ther  e r r a r  i s  ca l led  l i , i e  l e n g t h  e r r o r ,  and r e f e r s  t o  devis t ions  t h a t  oc- 
cur i n  t o t a l  ac t ive  scan time w i t h  respect t o  t h e  nominal of 60743 usec. The 
sources of  t h i s  e r r o r  a r e  the  cont ro l  sys t em,  spzcecraf t  j i t t e r  i n  t h e  r o l l  
ax is ,  a d  in t e rac t ion  of  tho two. The sensor Scan mirror cont ro l  system re- 
sponds very wzll  t o  j i t t e r  caused by i t s e l f  but poorly t o  ex te rn r l  j i t t e r  
sources. 
Ihr cross-track p r o f i l e  nonl inear i ty  and t h e  l i n t ?  l e n g t h  a r e  dynamic erro;' 
sources and m u s t  be measured i n  f l i g h t .  Line l e n g t h  i s  e a s i l y  measured by 
clock counts taken from s t a r t  t o  end of scan. The 3 c a ~  mirror cross-track 
p r o f i l e  f o r  the TM is modeled a s  a six-term power s e r i e s  w i t h  time a s  the  i n -  
dependent var iable .  It has been shown by extensive tests [ 6 1  t h a t  the varia- 
t i o n  i n  the  p r o f i l e  car. be accurately modeled by updatir?g the f i r s t -order  and 
second-order terms of t h e  power s e r i e s .  This requi res  knowledge of f i r s t - h a l f  
and sec.md-half scan times w h i c h  a r e  measured by d clock m the  spacecraf t .  
Time is normalized using l i n e  1erl;rth and j i t t e r  da ta .  
Table 6 shows the magnitude of along scan (o r  cross- t rack)  e r rorz .  
A 1 o ng- Tr a c k Prof i 1 e -
The ground projected scan p r o f i l e  ( i . e . ,  i he  envelope of the  project ion of a l l  
de tec tors  of a band on ground d u r i n g  one complete scan) should idea l ly  be rec- 
tangular ,  w i t h  each scan s t a r t i n g  where the  l a s t  l e f t  o f f .  The r e a l  ground 
projected scan p r o f i l e  doesn ' t  follow t h i s  s imp le  geometry. Gaps between 
scans (underlaps)  and scan overlkps are present  f o r  a mmber of reasons. 
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Tlie projected s i ze  of  a p i x e l  is d i r e c t l y  re la ted  t o  t h e  dis2ance between t h e  
de tec tor  and look point on t h e  Ear th ' s  surface.  A t  the  spacecraf t  desigi a l -  
t i t u d e  of  705.3 km, a de tec tor  (42.5 prad ians)  p ro jec t s  t o  ground a s  a 30- 
meter square p i x e l .  The s l a n t  range being l a rde r  than t h e  nadi r ,  the  ;can 
p r o f i l e  i s  wider a t  the ends then i t  i s  i n  the  center .  K i s  e f f e c t  is ca l led  
the bow-tie e f f e c t  and r e s u l t s  i n  a m a l l  scar! overlap a', the  scar  e rds  and an 
underlap a t  scan center .  
Spacecraft a l t i t u d e  va r i a t ions  (696 km to  741 km) a f f e c t  t h e  scan p r a f i l e  i n  
two ways. First, a s  dzscribed above, i t  causes a scan overlap/underlap.  The 
second e r ro r  i s  due t o  spacecraf t  ve loc i ty  va r i a t ions  a s  a r e s u l t  o f  a l t i t u d e  
deviat ions.  The scan l i n e  cor rec tor  mirror r a t e  design i s  based on t h e  space- 
c r a f t  ve loc i ty .  k'hen the l a t t e r  changes, the  scan l i ne  cor rec tor  cmper-a t ion  
i s  no longer co r rec t .  The forward and reverse scans tt-en a r e  skewed t o  3 :h 
o the r .  
Spacecraft j i t t , e r  i n  the  vaw and pi tch a x i s  a l so  shows u p  i n  the ground gro- 
jectec! scan p ro f i l e .  High-frequency j i t t e r  causes underlap/overlap t o  vary 
across  the scan. See Taole 7 f o r  numerical values  f o r  scan gap e r r o r .  
The p r o f i l e s  of the scan mirror anci scan l i n e  c o r r t - t c r  mirrors  ' n  the i n -  
t r a c k  d i rec t ion  i s  a fixed function known a p r i o r i ,  and, thoug,i i t  does .?lake 
the ground projected scan p r o f i l e  deviate  from t h e  rectsngll .ar  case ,  i t  i s  a 
constant ,  known deviat ion.  
Knowledge c s f  imaging geometry along with measurement of  t h e  parameter;; men- 
tioned above ( . h i c h  cause in-track scan i o n l l n e a r i t i e s )  a l l o u s  one t o  accur- 
a t e ly  d e s c r i b e  the  scan shape anl pc;sition of samples cn the ,?rrjund. ?he riext 
s t ep  is  t o  d e f i n :  an algorithm t o  perform image resampling mder  the cmdi -  
t i o n s ,  wh ich  w i l l  not be discussed !n t h i s  paper. 
Other  sources of e r ro r  i n  the  sensor irre detet .anent s n d  tht .  elecc.  ~ n -  
i c s .  These e r r o r s  a r e  r e l a t i v e l y  small i n  cornprison i( .  the scar! ncd i i t ea r i -  
t i e s .  They a r e  summarized i n  Table 8 and w i l l  L e  b r i e 3 y  d i x u s r s s d .  The ef- 
f ec t ive  focal length (EFL)  of the op t i ca l  systm deterirlines the oizpnsio-s of  
t l ie  projccti,,s of t h e  de tec tor  cn graund. Because the iT;ee 13 scanned acrosy 
the de tec tor  a r rays ,  the  EFL i s  a l so  responsible  f o r  the system trai .sfer  funz- 
t i o n .  Tolerances must, be t i g t *  i f  the real  sampling is  t o  mimic the design 
t rar .sfer  function character:st ics.  VJlues fo r  the EFL f ab r i c s t ion  and mea- 
surement tolerances ;,re shown, a s  is deviat ion of EFL. 
The spacir.g betweer! de tec tor  a r rays  fo r  the d i f f e ren t  band; determines the 
band-tQ-band image spacif,g Aligrment betdeen de tec t c r  a r r a y s  m u s t  b e  w i t h i n  
s t r i c t  tolerance l i m i t s  or  band-to-band r egAs t ra t ion  w i l l  su f fe r .  
Vibration of the de tec tor  layout cause ; band-tc-band e r ro r  !or br,id-to-;?and 
v i b r a t i o n  and also overlap/underlap e r r o r  fcr vibvacior: w i t h i n  any oze  band. 
The e l ec t ron ic s  of  the system introduces e r r o r s  too.  '3etector response nonun- 
iformity i s  one reason. The f i l t e r  response and t i m i n g  e r r o r s  are  o ther  
causes.  The vibrat ion and de tec tor /e lec t ronics  responses cause a i s t o r t i o n s  
w i t h i n  311 image. 
This overview cf spaceborne scarinrr imaging system e r r o r s  shows the sens i t i v i -  
t y  of image e r r o r s  t o  spacecraf t  component e r r o r s  and a l so  the interderendance 
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of t h e  imaging system components. As more s o p h i s t i c a t e d  imaging systems are 
developed,  w i t h  greater r e s o l u t i o n  c a p a b i l i t i e s  and stricter accuracy  r e q u i r e -  
ments,  t h e  need to understand and model t h e s e  error s o u r c e s  becomes more im-  
portant  141. 
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Table 4. STATIC ALIGNMENT 
ALIGNMENT REQUIREMENTS 
- ALIGNMENT BETWEEN ACS A X S  AND POIN1’ED AXIS 
WITHIN 1.25 DEGREES (30) 
- POINT THE AVERAGED AXES OF THE MSS AND TM 
- ALIGNMENT KNOWLEDGE ACS TO TM OPTICAL AXIS 
ROLL = .IO, PITCH = .21, YAW = 2 1  DEGREES (30.) 
0 POSTLAUNCH ESTIMAT!ON OF SPACECRAFT STATIC ALIGNMENT 
WILL BE PERFORMED 
ACS: ATTITUDE CONTROL SYSTEM 
DYNAMIC ALIGNMENT 
SPACECRAFT TEMPERATURE CHANGES CAUSE ALIGNMENT CHANGES 
- EXAMPLE: 1 DEGREE GRADIENT ACROSS THE INSTRUMENT MODUL 
CAUSES A 12 ARCSEC ACS TO TM ALIGNMENT CHANGE. 
(GODDARD ANALYSIS) 
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Table 8 .  Sumar.y of Error  Sources 
Error  Source Magnitude 
Ef'ectlve Focal Length (En) Band 
w a d  (90%) 
Across-Track Along-Track 
En Measurement and Fabr ica t ion  1 t o  4 2 
5 t o  6 2 
5 t o  1 2 
EFL Deviation 2 w a d  (max) 
Focal Plane Tolerance 0.4 w a d  (max) 
2 
2 
2 
D e t  ec t o r s  
prad (907;) 
Detector Array Alignment Accuracy Band Across-Track Along-Track 
Band- to-Band Vibrat ion 
1 t o  4 
5 t o  6 
5 t o  1 
1 t o  4 
3 3 
31 31 
6 6 
1.5 1.5 
One-knd 
Detect o r  
5 t o  6 1.5 1 , 5  
5 t o  1 1.5 1.5 
Vibrat ion 2 . 6  prad random e r r o r  (90%) in tests. 
Response Nonuniformity 1 t o  5 2 2 
5 to 6 a 8 
5 t o  1 2 2 
F i l t e r  Response - Forward t o  
Reverse Scan 
Bands 1-5 and 7 1 .3  IFOV o f f s e t  
Band 6 5.2 IFOV o f f s e t  
F i l t e r  Response - Bands 1-5 and 3.0 IPOV o f f s e t  
7 t o  Band 6 
1 2  6 
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5.3 THEMATIC MAPPER PERFORMANCE* 
J a c k  Engle, Santa Barbara Research Corp 
Jus t  a b r i e f  overview, i f  somt? o f   yo^: a r e n ' t  f a m i l i a r  with how t h e  thematic  
mapper p r i m a r i l y  d i f i e r s  from MSS. 'Ibe s p a t i a l  r e s o l u t i o n  * 3 t h e  key  i.hiprove- 
ment linere t h e  TM h a s  30-meter r e s o l u t i o n  and t h e  HES h a s  89-meter r e s o l u t i o n .  
For t h e  a g r i c u l t u r a l  users, t h i s  should provide an a b i l i t l  t o  x c * . f a t e l y  c l a s -  
s i f y  1G-acre f i e l d s  w i t h  t h e  TM versus 70-acre f i e l d s  w l L n  t h e  MSS d a t a .  As 
f a r  as sy-zc:t;,?l r e s o l u t ~ o n  t h e r e  a r e  s i x  r e f l e c t e d  l i g h t  bands i n  t h e  thcma- 
t i c  mapper. Tu0 o f  t h o s e  Jands are  o f  b a s i c a l l y  a new s p e c t r a l  regior! o u t  i n  
t h e  t h e  near  I R ,  t h e  shortwave I R  *egion, 1.55 t o  1.75 microns and 2.08 t o  
2.35 microns a s  oppased tc MSS's four  r e f l e c t e d  l i g h t  bands. The o t h e r  four  
thematic  mapjsr r e f l e c t e d  l i g h t  bands i n  t h e  v i s i b l e  po r t ion  o f  t h e  spectrum 
a r e  designated t o  enhance t h e  c l a s s i f i c a t i o n  c a p a b i l i t y .  TFey a r e  much mc-e 
i d e a l l y  s e l e c t e d  fran a s p e c t r a l  s t a n d p o i n t ,  nbrrow s p e c t r a l  hands more o p t i -  
mal ly  selected to  enhance c l a s s i f i c a t i o n  a c c u r z y .  The RI a l s o  h a s  better 
s ignal- tc-noise  r a t i o  performance and radiometric. s e n s i t i v i t y ,  ana i n  o rde r  t c  
oS ta in  t h a t  we have had t o  i n c r e a s e  t h e  size o f  t h e  c p t i c s ,  b a s i c a l l y  a 
16-inch t e l e s c o p e  a s  opposed tc an +inch t e l e s c o p e  i n  MSS. We've increased 
t h e  SCE..: e f f i c i e n c y  through t h e  us2 o f  b i d i r e c t i o n a l  scannjng,  whicn g i v e s  as 
a scan e f f i c i e n c y  o f  855 ve r sus  455 w i t h  t h e  m u l t i s p c t r a l  s canne r ,  ana more 
d e t e c t o r z  per  band, 16 versus 6. Me a l s o  have g r e a t e r  encoding r e s o l u t i o n  ir~ 
our m u l t i p l e x e r ,  8-bi t  r e s o l u t i o n  v e r s u s  6 b i t s  f o r  MSS. 
One o f  t h e  f e 3 t u r e s  t h a t  is o f  p a r t i c u l a r  in terest  is t h e  scan p r o f i l e  and t h e  
r e g i s t r a t i o n  c a p a b i l i t y .  C e r t a i n l y  t h e  scan p r o f i l e  i s  more 1inet.r than was 
3bteined i n  t h e  HSS, and f o r  a l a r g e  s e l e c t i o n  o f  t h e  users, t h o  imagery could 
be used without. resampling and I khink s a t i s f y  many of t h e  needs t h a t  I ' v e  
heard ex?ressed today. A s  f a r  as geometric eccuracy 07 scan p r o f i l e ,  a t y p i -  
c a l  Landsat D h S scan p r o f i l e  e x b i b i t s  n o n l i n e a r i t i e s  on t h e  o r d e r  o f  f i v e  
i l i s t an taneous  f i q l d s  of  v i ed .  For t h e  MSS, wi th  80-meter resoluki-m,  those  
were on t h e  o r d e r  o f  500-microradian n o n l i n e a r i t i e s  i n  t h e  scan p r o f i l e .  
The t h e n a t i c  mapper p r o f i l e  d a t a ,  o~r  which, as I i n d i c a t e d ,  w 3  a r e  s t i l l  doing 
some f i n a i  ref inements  i n  t h e  p rocess inz ,  13 our  me lured forward scan pro- 
f i l e ,  a s  shown i n  F igu re  1 .  You can see t h e  peak n o n - i n c a r i t y  i n  the  scan has  
a magnitude o f  about 30 mi.croradians. The rms n o n l i n e a r i t y  I b ? l i e v e  i s  on 
t h e  o r d e r  o f  10 microradians.  The r e v e r s e  scan p r o f i l e  has  a s l i g h t l y  d i f f ' e r -  
ent shape ( F i g u r e  2 ) .  I t ' s  n o t  q u i t e  a s  l i n e a r  a s  t h e  forward scan,  b u t  i t ' s  
w e l l  c h a r a c t e r i z e d .  3ie peak n o n l i n e a r i t y  i n  t h e  reverse scan a s  rne,asured i n  
our vacuum tests just p r i o r  t o  d e l i v e r y  was about 60 microradians.  Each f i g -  
ure would have t o  b e  f l i p p e d  e n d  f o r  e n d  i n  o r d e r  t o  see how they  reg is te r  i n  
o b j e c t  space.  Note a l s o  t h a t  t h e y  a;e both p l o t t e d  on J time s c a l e  ins-ead o f  
an o b j e c t  space s c a l e .  
As f a r  a s  t h e  ove r l ap /unde r l ap  c h a r a c t e r i s t i c s ,  Figure 3 summarizes t h e  var  _- 
ovs c o n t r i b u t o r s  t o  t h e  ove r l ap idnde r l ap  E I  f e c t s  w i t h i r ?  t h e  system. We have 
chosen t o  optimize the  scanning parameters a t  712.5-km a l t i t u d e  and a n  average 
40° north l a t i t u d e  &.ere most o f  t h ?  scenes of interest  sppear  t o  be  1o:ated 
*Edited o r a l  p r e s e n t a t i o n .  
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throughout t h e  world. A s  t h e  scanning parameters were optimized f o r  t h a t  a l -  
t i tude and l a t i t u d e ,  t h e  r e s u l t a c t  underlap and ove r l ap  of about 3.4 and -3.4 
microradians o c c u r s  (F igu re  4 ? .  
The bow-tie e f f e c t  ( F i g u r e  4) is b a s i c a l l y  d u e  t o  t h e  path l e n g t h  o v e r  t h e  
scan angle .  From one end o f  t h e  ;?an t o  t h e  o t h e r  t h i s  c o n t r i b u t e s  an o v e r l a p  
e f f e c t  o f  about 6 .5  microradians a t  t h e  end o f  scan.  Scac mir ro r  perfonnance 
has  t h e s e  c o n t r i b u t i o n s .  B a s i c a l l y ,  w i th in  t h e  pr ime f o c a l  ? l ane ,  we have a 
maximum cver/underlap cf about 7 .3  microradians,  and w i t h  t h e  tqw-tie e f f e c t  
included we have a maximm over l ap  o f  about 1 1 . 1 .  For t h e  cooled f c c a l  p l ane ,  
w e  h a v e  7.9 w i t h  a maximum c v e r l a p  o f  10.5. Cur requirement is 8.5 n tc ro ra -  
d i a n s  neg lec t ing  t h e  bow-tie e f f e c t  30 we're f a i r l y  well w i t h i n  our require- 
men t s .  Bas i ca l ly ,  t h e  a l t i t u d e  v w i a t i o n s  g l o b a l l y  s o r t  o f  wash u u t  o r  cer- 
t a i n l y  dominate t h e  overlag/underlap performance on a g loba l  scale. 
As f a r  2s band-to-band r e g i s t r a t i o n  , w e  chose t h e  band-to-band r e g i s t r a t i o n  
between bands 5 and b r  1 1 uhich a r e  t h e  f u r t h e s t  separated bands w i t h i n  t h e  
thematic mapper ( F i g u r e s  5 and 51.  The nominal band spacing is 146 ins t an -  
taneous f i e l d s  of  v i e w  and t h e  dynamic  r e g i s t r a t i o n  measured a t  30 p o i n t s  i n  
t h e  scan p r o f i l e  is a s  p l o t t e d  w i t h  a t y p i c a l ,  an average r e g i s t r a t i o n  o f  
about 145.95. Our requirement is t h a t  t h e  prime and cool  foca l  planes b e  reg- 
istered t o  w i t h i n  . 3  of an insbantdneous f i e l d  o f  v i e w  and about Lhe nominal 
band sepa ra t ion .  So we a r e  well w i t h i n  our requirement on a dynamic r e g i s t r a -  
t i o n  b a s i s  betveen Lie pr ime ard cooled foca l  planes.  A l l  t h e  o t h e r  spectral 
bands, w i t h  respeck t o  band 1 a r e  a o r e  c l o s e l y  r e g i s t e r e d .  
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5.4 SCANNER I M A G I N G  SYSTEMS, AIRCRAFT 
S t e p h e n  G.  Ungar 
NASA/Goddard I n s t i t u t e  f o r  Space  S t u d i e s  
With t h e  a d v e n t  o f  advanced  s a t e l l i t e - b o r n e  s c a n n e r  s y s t e m s ,  
t h e  g e o m e t r i c  and r a d i o m e t r i c  c o r r e c t i o n  o f  a i r c r a f t  s c a n n e r  d a t a  
h a s  become i n c r e a s i n g l y  i m p o r t a n t .  These  c o r r e c t i o n s  a r e  needed  t o  
r e l i a b l y  s i m u l a t e  o b s e r v a t i o n s  o b t a i n e d  by s u c h  s y s t e m s  f o r  
pu rGoses  o f  e v a l u a t i o n .  T h i s  p a p e r  r e v i e w s  t h e  c a u s e s  and e f f e c t s  
o f  d i s t o r t i o n  i n  a i r c r a f t  s c a n n e r  d a t a  and d i s c u s s e s  a n  a p p r o a c h  t o  
r e d u c e  d i s c o r t i o n s  by m o d e l l i n g  t h e  e f f e c t  o f  a i r c r a f t  motion on 
t h e  scanner  scene. 
Causes  o f  D i s t o r t i o n  
B o t h  t h e  l o c a t i o n  o f  a n  o b s e r v a t i o n  ( o r  p i x e l )  on  t h e  g r o u n d  
and t h e  t a r g e t  a r e a  ( f o o t p r i n t )  c o n t a i n e d  w i t h i n  t h e  i n s t a n t a n e o u s  
f i e l d  of  v i e w  ( I F @ V )  o f  t h e  s e n s o r  s y s t e m  a r e  g o v e r n e d  by t h e  
f o l l o w i n g  t h r e e  f a c t o r s :  a i r c r a f t  p o s i t i o n ;  a i r c r a f t  a t t i t u d e ;  and 
s e n s o r  s y s t e m  c a n  a n g l e .  T e r r a i n  r e l i e f  may i n t e r a c t  w i t h  
a ; r c r a f t / s c a n n e r  g e o m e t r y  t o  f u r t h e r  c o m p l i c a t e  d e t e r m i n a t i o n  o f  
p ixc :  p o s i t i o n  and f o o t p r i n t  i n  p l a n a r  c o G r d i n a t e s .  F G F  p u r p o s e s  
o i  + k i s  d i s c u s s i o n ,  w e  s h a l l  a d d r e s s  o n l y  c a s e s  i n  w h i c h  t h e  
te  r a i n  e f f e c t s  a r e  n e g l i g i b l e .  
W r i n g  t h e  a c q u i s i t i o n  o f  a s i n g l e  s c a n  l i n e ,  t h e  s c a n  p a t t e r n  
on t h e  ground is l a r g e l y  a f u n c t i o n  o f  t h e  s c a n  g e o m e t r y  c o n v o l u t e d  
w i t h  t h e  a t t i t u d e  o f  t h e  a i r c r a f t .  i t  is c o n v e n i e n t  t o  
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c h a r a c t e r i z e  a n  a i r c r a f t ' s  a t t i t u d e  ( o r i e n t a t i o n )  i n  terms o f  a 
f u s i l a g e  a x i s  and a wing a x i s .  The f u s i l a g e  a x i s  pas ses  from t a i l  
t o  n o s e  t h r o u g h  t h e  a i r c r a f t ' s  c e n t e r  o f  g r a v i t y .  The wing a x i s  
p a s s e s  t h r o u g h  t h e  c e n t e r  o f  g r a v i t y  p a r a l l e l  t o  t h e  wing s u r f a c e .  
The  o r i e n t a t i o n  o f  t h e  f u s i l a g e  a x i s  is e x p r e s s e d  i n  s p h e r i c a l  
pc; lar  c o o r d i n a t e s  a s  f o l l o w s :  t h e  a n g l e  o f  r o t a t i o n  e a s t  o f  n o r t h  
a b o u t  a v e r t i c a l  a x i s  (c lockwise  r o t a t i o n  l o o k i n g  down a t  a i r c r a f t )  
is c a l l e d  h e a d i n g  ( 4 ) ;  t h e  a n g l e  o f  t h e  nose above  t h e  h o r i z o n t a l  
is c a l l e d  t h e  p i t c h  ( e ) .  An a d d i t i o n a l  a n g l e ,  r o l l  : p ) ,  is  
r e q u i r e d  t o  s p e c i f y  t h e  f i n a l  o r i e n t a t i o n  of  t h e  wing a x i s  and is 
measured  by t h e  d e g r e e  o f  c lockwise  r o t a t i o n  o f  t h e  a i r c r a f t  a b o u t  
t h e  f u s i l a g e  a x i s  l o o k i n g  t o w a r d s  t h e  nose. S i n c e  t h e  a i r c r a f t  
s c a n n e r  s y s t e m s  t r e a t e d  h e r e  r o t a t e  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  
f u s i l a g e  a x i s ,  r o l l  c a n  b e  combined w i t h  t h e  s c a n n e r  o r i e n t a t i o n  t o  
d e t e r m i n e  t h e  e f f e c t i v e  s c a n  a n g l e  T h e  s c a n  a n g l e  (9) is  t h e  l o o k  
a n g l e  o f  t h e  s e n s o r  measured  c l o c k w i s e  from a d i r e c t i o n  m u t u a l l y  
p e r p e n d i c u l a r  t o  t h e  f u s i l a g e  and wing a x i s  ( i . e . ,  t h e  n a d i r  
d i r e c t i G n  f o r  an a i r c r a f t  i n  l e v e l  f l i q h t ) .  T h e r e f o r e ,  t h e  
e f f e c t i v e  s c a n  a n g l e  may be  e x p r e s s e d  a s  ( w e  = + q ) .  
Given  t h e  a l t i t u d e  of t h e  a i r c r a f t  a n d  t h e  coordinates o f  
t h e  n a d i r  p o i n t  below t h e  a i r c r a f t ,  t h e  p o s i t i o n  of t h e  i n s t a n t a n e o u s  
v i e w p o i n t  o n  t h e  g r o u n d  c a n  now be located i n  terms cf t h e  a t t i -  
t u d e  paiameters. Table 1 p r e s e n t s  t h e  de ta i led  f o r m u l a s  r e q u i r e d  
for  makii:g t h i s  c a l c u l a t i o n .  "h" i s  t h e  a l t i t u d e  of t h e  a i r c r a f t  
above t h e  g r o u n d ,  Xo aiid Yo are t h e  c o o r d i n a t e s  a t  a i r c r a f t  n a d i r .  
We have selected a coordinate system in which the positive x- 
direction is east and the positive y-direction is south in order 
to conform to conventims found in most image processing systems. 
Impact of Aircraft Motion 
In principle, both the attitude and position of the aircraft 
changes during the acquisition of a scan line. However, contem- 
porary scanner systems actively gather image data only during a 
time interval of approximately 12 to 28 percent of the scan period. 
Typical scan periods range from 0.05 to 0.1 seconds. Therefore, 
in practice, changes in aircraft attitude may be considered 
negligible during the active portion of the scan. 
motion of the aircraft will introduce skew in the scan line 
The forward 
pattern which amounts to approximately one-tenth pixel displacement 
at the end of the scan line for contemporary systems. This corres- 
ponds to an angle of aboct 0.01 degrees. A viable geometric 
correction scheme need only update the aircraft's position once 
per scan line, specifying the aircraft coordinates at $ = 0. 
Rectification of Scanner Data 
Table 1 outlines a nethod for rectifying aircraft scanner 
observations in cases where reliable navigational data is available. 
A s  previously discussed, the first half of the table relates the 
planar coordinates of the pixel to the navigational parameters for 
a given nadir location (Xo,Yo). 
an integration scheme fo r  updating the nadir position during the 
The remainder of Table 1 describes 
course of the flight. The scheme is valid for  situations ir. which 
navigational data is available at time intervals wnich are com- 
parable or less than the scan period. The values of all naviga- 
tional parameters including aircraft velocity may be estimated 
at the center of each scan (w = 0) by cubic interpolation as 
indicated in Step 2. Fkally, the aircr?fL nadir displacement 
in both the x and y-directions between scans may be calculated as 
indicated in Step 3 .  For roll-compensated systems, the scan mirror 
moves with a constant "inertial" velocity and At represents the 
period of (JI, = p -t $ ) .  
to the equations in Table 1 are equivalent to assuming p =: 0 at 
Under these circumstances, the solutions 
all time? and dropping that term out of the analysis. 
Simulated Fliuht 
The impact of variations in flight parameters on aircraft 
scanner imagery can best be illustrated by simulc!ting a flight 
over a geometrically regulsr pattern and varying the flight para- 
meters in a controlled way. The simulated scanner system selected 
for this study is patterned after NASA's NSOOl scanner systni 
flown onbQard a (2130 aircraft. Nominal flight and scanner para- 
meters are given in Table 2. Simulated flights are conducted over 
a checkerboard pattern consisting of half mile square sections 
(appraximately 800 meters x 800 meters). Figures ~(A-L) show 
the results of such flights with flight parameters deviating from 
the nominal values as specified. The left portion of each 
figure displays the scan system pattern projected on the ground 
as follows: the "footprint" for each obserJativn alony every 
90th scan line is represented as 3 plotting point; in addition, 
the footprints of observations on every scan line are plotttd at 
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1 0  d e g r e e  i n t e r v a l s  ( f rom -50 t o  +50 d e g r e e s ) .  The s c a n n e r  
"image", c o n s i s t i n g  of radiometric v a l u e s  o f  the  s i m u l a t e d  
checkerboard  t e r r a i n ,  i s  d i s p l a y e d  i g  s c a n n e r  coordiaates ( p i x e l  
p o s i t i o n ,  s c a n  l i n e )  t o  t h e  r i g h t  of i t s  correL>, . .ding ground 
p a t t e r n .  
For a g r i c u l t u r a l  a p p l i c a t i o n s ,  i t  i s  i n s t r u c t i v e  t o  draw 
a n  ana logy  between t h e  checkerboard  s q u a r e s  and f i e l d  boundar i e s .  
F i g u r e  l ( A )  r e p r e s e n t s  an  ideal case of t h e  a i r c r a f t  f i y i n g  from 
n o r t h  t o  s o u t h ,  paral le l  t o  f i e l d  b o u n d a r i e s , w i t h  a l l  p a r a m e t e r s  
f i x e d  a t  c o r s t a n t  a l t i r u d c .  The f o r e s h o r t e n i n g  o f  f i e l d s  a t  
t h e  edges  of  t h e  f l i g h t l i n e  i s  dC3  t o  t h e  o b l i q u e  look .ngle  a t  
t h e  e n d s  of t h e  scan .  I n  F i g u r e  1 ( B ) ,  w e  i n t r o d u c e  a d r i f t  
(vx component) i n  t h e  a i r c r a f t  motion w h i l e  ker.?ing t h e  hc :d ing  
( o r i e , i t a t i o n )  of t h e  a i r c r a f t  no r th - sou th  ( i n  p o s i t i v e  y . i r e t i o n ) .  
Motion of t h i s  s o r t  occtirs i n  s i t u a t i o n s  where a i r c r a f t  f l y i n g  
a t  f i x e d  head ings  are pubject t o  s u b s t a n t i a l  c o n s t a n t  cross winds.  
The d r i f t  component i n t r o d u c e s  a skew i n  n o r t h - s o u t h  f i e l d  
boundar i e s  caused by the s h i f t  i n  x v a l u e  of t h e  n a d i r  c o o r d i n a t e s  
a long  t h e  a i r c r a f t  ground track. F i g u r e  1 ( C )  i l l u s t r a t e s  a 
f l i g h t  w i t h  heading  20  degrees w e s t  of scuch as opposed t o  due 
s o u t h .  T h i s  p roduces  a f l i g h t  p a t t e r n  i d e n t i c a l  t o  t h a t  of 
F i g u r e  1 ( A ) ,  b u t  rotated w i t h  r e s p e c t  t o  f i e l d  b o u n d x i e s .  The 
acconpanying image shows t h e  t y F i c a l  S-shaped d i s t o r t i o n  i n  t h e  
f i e l d  boundar i e s  t h a t  i s  s o  c h a r a c t e r i s t i c  of l i n e a r  f e a t u r e s  
i n  a i r c ra f t  scanne r  d a t a .  T h i s  o c c u r s  because the  road  s e c t i o n s  
are no l o n g e r  a l i g n e d  w i t h  t h e  scan d i r e c t i o n ,  a l t h o u g h  t h e  
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d i s t o r t i o n  is  s t i l l  i n  t h e  scan  d i r e c t i o n .  F igu re  1 ( D )  p o r t r a y s  
t h e  impact of t h e  a i rcraf t  flying i n  a banked p o s i t i o n .  The scan 
c e n t e r  ground t r a c k  i s  d i s p l a c e d  20 degrees t o  t h e  w e s t  of t h e  
a i r c r a f t  n a d i r  ground t r a c k .  Many a i r c r a f t  scanner  systems,  
inc lLding  t h e  NS001, are "roll-compenszted" t o  ma in ta in  t h e  scan 
c e n t e r  a long  t h e  a i r c r a f t  n a d i r  ground t r a c k .  
Many of t h e  d i s t o r t i o n s  i n  scanner  lmigery resblt l a r g e l y  
from variations i n  o z i e n t a t i o n  of t h e  a i r c r a f t  du r ing  t h e  f l i g h t .  
For example, a change i n  p i t c h  r e s u l t s  l a r g e l y  i n  a Lixed Zisp lace-  
ment a long t h e  ground t r a c k  such t h a t  t h e  J i r c r a i t  is  looking  
somewhat ahead o f  where it lrormally would. I n  a d d i t i o n ,  each s c a n  
covers  a somewhat wider swath on t h .  groLId. However, v a r i a t i o n s  
i n  p i t c h  r e s u l t s  i n  d i s t o r t i o n s  such as those d i s p l a y e d  i n  F igu res  
1 ( E )  and 1 ( H ) .  I n  F igu re  1 ( E ! ,  t h e  p i t c h  v a r i = s  l i n e a r l y  from 0 
clegrees a t  t h e  s t a r t  of t h e  f . ' ight  segment t o  20 degrees  a t  t h e  
end. The most apparent  e f f e c t  i s  t h e  widening coverage i n  t h e  C,CL* 
d i r e c c i o n  h s  t h e  f l i g h t  progresses .  I n  addition, t h e  changing pitch 
ang le  c o n t r i b u t e s  t o  increas i r .g  t h e  e f f e c t i v e  ground v e l o c i t y  
beyond v . Thus  t h e  d i s t P n c e  between scan  l j n e s  is i n c r e a s e d ,  
r e s u l t i n g  i n  a squeez ins  of f i e l d s  i n  the y - d i r e c t i o n  on t h e  scanner  
image. F igu res  1 ( F )  and 1 ( G )  d i s p l a y  t h e  impact of similar type  
v a r i a t i o n s  i n  heading and d r i f t ,  and i n  r o l l .  I n  particglar,  
Ficjure l ( F )  show5 t h e  combined effect  of a 1 0  degree  l i n e a r  var-ia- 
t i o n  i n  heading  and a 10 degree l i n e a r  v a r i a t i c n  i n  a i r c r a f t  
t r a c k i n g  angle  due t o  d r i f t .  
Y 
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I n  g e n e r a l ,  a i i c r a f t  m o t i o n s  a r e  more complex t h a n  c a n  be 
a d e q u a t e l y  r e p r e s e n t e e  by a l i n e a r  v a r i a t i o n  o v e r  t h e  c o u r s e  of t h e  
f l i g h t .  T y p i c a l l y ,  m o t i o n  w i l l  b e  o s c i i l a t o r y  i n  n a t u r e ,  s i n c e  i t  
is g e n e r a l l y  d e s i r a b l e  t o  c o r r e c t  d e p a r t u r e s  from nominPl  f l i g h t  
parameters. F i g u r e s  1 ( H j  t h r o u g h  1(L) p o r t r a y  t h e  e f f e c t s  o f  
s i n u s o - d a l  v a r i a t i o n s  i n  s e l e c r e d  f l i g h t  parameters. I n  F i g u r e  
i ( H )  t h e  a i r c r a f t  n o s e  p i t c h e s  up t o  a maximum a n g l e  o f  20 d e g r e e s  
and t h e n  is b r o u g h t  back  down, p a s s i n g  t h r o u g h  t h e  h o r i z o n t a l ,  io a 
n e g a t i v e  p i t c h  a n g l e  of  20 d e g r e e s  and f i n a l l y  back  t o  h o r i z o n t a l  
f l i g h t  by t h e  end c f  t h e  f l i g h t  segment .  The s c a n  p a t t e r n  n e a r  t h e  
c e n t e r  of t h e  f l i g h t  segment  i n d i c a t e s  t h a t ,  a l t h o u g h  t h e  a i r c r a f t  
is moving fo rward  t h e  c e n t e r  l i n e  o f  t h e  s c a p n e r  moves backward 
because o f  t h e  v a r i a t i o n  i n  p i t c h  r e s u l t i n g  i n  3 p r o l o n g e d  v i e w i n g  
p e r i o d  f o r  a r e a s  o n  t h e  g round  a t  t h i s  p o i n t  i n  t h e  f l i g h t .  T h i s  
is c l e a r l y  s e e n  by f i e l d  d i s t o r t i o n s  i n  t h e  accompacying  image. 
F i g u r e  l!; shows t h e  r e s u l t  of s i m i l a r  v a r i a t i o n  i n  h e a d i n g .  T h e  
t u r n i n g  of t h e  a i r c r a f t  c a n  c a u s e  t h e  e d g e s  o f  t h e  scan l i n e  t o  
move backward w i t h  r e s p e c t  t o  f o r w a r d  m o t i o n  of  t h e  a i r c r a f t  d u r i n g  
p o r t i o n s  of  t h e  f l i g h t  segment .  T h i s  c a n  r e s u l t  i n  a r a t h e r  
d i s t o r t e d  image s i n c e  t h e  same a r e a  o n  t h e  g r o u n d  may b e  v iewed 
more t n a n  o n c e  d u r i n g  t h e  f l i g h t  segment .  I n  e f f e c t ,  a t  t h e  t ime 
t h e  a i r c r a f t  is e x s e r i e n c i n g  i t s  maximum change  i n  h e a d i n g ,  i t  may 
be c o n s i d e r e d  as moving p e r p e n d i c u l a r  t o  a r a d i d s  of  c u r v a t u r e  
l y i n g  a l c n g  t h e  s c a n  d i r - p t i o n .  Ground a -  . a s  n e a r  t h e  c e n t e r  o f  
c u r v a t u r e  ;Jill be o b s c  t - . c  r e p o a t e d i y  w h i l e  t h e  edge  of t h e  s c a n ,  
beyond t h e  r a d i u s  of t h e  c u r v a t u r e ,  w i l l  be c o v e r e d  i n  r e v e r s e  
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d i r e c t i o n  (from south t o  n o r t h )  d u r i n g  t h a t  p o r t i o n  of t h e  f l i g h t  
segment. As t h e  v a r i a t i o n  i n  heading is i a d u c d  t h e  normal forward 
motion of t h e  a i r c r a f t  w i l l  f o r c e  t h e  s c a n  cove rage  a t  t h e  edge t o  
once a g a i n  proceed from n o r t h  t o  s o u t h  dorlbling back over t h e  area 
covered.  I n  f a c t ,  some area5 n e a r  t h e  edge of t h e  s can  l i n e  may be 
observed  as many a s  three times d u r i n g  t h e  c o u r s e  o f  t h e  f l i g h t  
segrcent. T h i s  c r e a t e s  a r a i h e r  s i g n i f i c a a t  problem i n  a t t e m p t i n g  
t o  r e c a p t d r e  o r  c o r r e c t  for  radiometric v a l u e s ,  even i n  tile 
s i t u a t i o n s  where the scanne r  geometry is well-known. 
As c a n  be s e e n  i n  F i g u r e  1 (J ) ,  v a r i a t i o n s  i.n t h e  a i rc raf t  
t r a c k i n g  a n g l e  equal t o  t h o s e  o c c u r r i n g  i n  F i g u r e  l(1) c a n  be 
o b t a i n e d  by v a r y i n q  t h e  drift angle. 
i n  F i g u r e  l(1) i s  i d e n t i c a l  t o  t h a t  o f  1 (J ) .  However, i n  1(J! 
t h e  o r i e n t a t i o n  of t h e  a i rcraf t  is  ma in ta ined  c o n s t a n t  and t h e  
s c a n  p a t t - r n  is  consequen t ly  much simpler, w i t h  no  c r o s s i n g  of 
scan l i n e s .  F i g u r e  1 ( K )  d i s p l a y s  a s i t u a t i o n  i n  which t n e  heading  
and d r i f t  are v a r y i n s  s i m u l t a n e o u s l y  i n  a manner such that t h e  
t r ack in \ :  a n g l e  v a r i a t i o n  is i d e n t i c a l  t o  t h a t  of F i g u r e s  1(I! 
a:;f l ( J ) .  Once a g a i n ,  i t  is  d i f f i c u l t  t c  e s t a b l i s h  a one-to-one 
niipping between a c t u a l  ground c o o r d i n a t e  radiometric values and 
t h e  v a l u e s  which appea r  i n  t h e  s c a n n e r  j..magc. F i g u r e  1 ( L j  par t rays  
a s i n u s o i d a l  v a r i a t i c n  i n  r o l l  a n g l e ,  beg inn ing  from level f l i g h t ,  
banking t o  20 d e g r e e s  below the horizor ,  i n  t h e  w e s t ,  acd r e t u r i n g  
t o  level f l i g h t .  I n  t h i s  i n s t a n c e ,  t h e  f l i g h t  secjnent is  flown 
i n  t h e  t i m e  equal t o  t h e  half p e r i o d  of t h e  s i n u s o i d a l  v a r i a t i o n .  
The scan c e n t e r  ground track 
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In s\inn?ary, if sufficient navigational information i s  
available, aircraft scanner coordinates may be related very 
precisely to planimetric ground coordinates using the approach 
outlined in Table 1. However, the potential for a multi-value 
remapping transiormation ( i . e . ,  scan lines crossihg each ctherl, 
addsan inherent uncertainty,to any radiometric resampling scheme, 
which is dependent on the precise geometry of the scan and ground 
pattern. 
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ORIGINAL PAGE 1s 
OF POOR QUP'.ITY 
TABLE 1 
where: X, . mdir coordinates 
At .scan period p= roll 
8:  pitch $=scan angle 
+I 1. heading h altitude 
8 =drift v t ground speed 
WDATING X.,& WTH NAVIGATION DATA ( NERDAS) 
(1) Find naanrt obswvation timos froin NERDAS 
t,=ist,., where: i*INT ((t-&)/f+l] 
f =frequency of abseruation 
(2) Objoin valuas for oach scan by cuMc Intorpolotion 
- . . I  p 
L\ij i 5 Q 1" 
where: il represents (e.4.S. p.h, or v ]  
usinq NERWS values for Ut,) i-is b i t 2  
sdve for a. n = O .  ... 4 
where: Z represents v ;n($*t)or -v cosi+*81 
md a, is determined b, iechnique used in step (2)  
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0R:GINAL PAGE IS 
OF POOR QUALITY 
TABLE 2 
SIMULATED NSOOl FLIGHT 
NOMINAL FLIGHT PARAMETERS 
DRIFT 6, = 0" 
HEACING 9, = 180" 
PITCH 80 = 0" 
ROLL Po = 0" 
GROUND SPEED "G = 280 KNOTS 
ALTITUDE H = 25,400 FEET 
SCAN ANGLE - 50" < '4' < 50" 
SCAN FRES, F = 15 RPS 
I FOV a= 2,s MR 
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5.5 MLA I M A G I N G  SYSTEMS* 
Ken J. Ando, N A S A  Headquarters 
MLA is the  abbreviation f o r  "Multispectral  Linear Array." W i t h i n  NASA, MLA 
has evolved to become the generic term fo r  t h e  sensor concept and technology 
associated w i  tl; so l id-s ta te  e l ec t ron ica l ly  scanned l inear  arrays operat ing i n  
the y s h b r o m  mode f o r  resource observations.  The ove ra l l  program objec t ive  
is t o  develop the enebling technology and instrumentimission d e f i n i t i o n  phase 
fo r  t h e  appl icat ion of advanced so l id-s ta te  sensors f o r  fu tu re  experimental 
remote sensing missions. The approach being taken is t o  d e v e l c p  complm.. ntary 
multiyear e f f o r t s  a t  GSFC and JPL.  GSFC w i l l  concentrate upon focal  plane de- 
velopment, instrument concept/design development, mission s tud ie s  , and serv ice  
requirements; JPL is concentrating on development o f  an imaging spectrometer 
technology and a Shu t t l e  s o r t i e  mission de f in i t i on .  
There is a heavy emphasis on technology. The technologies t h a t  we a re  devel- 
oping a r e  t h e  shortwave infrared focal  plane technology, p- imar i ly  mercyry- 
cadmium-teluride, plat inum-si l ic ide,  v i s i b l e  ch ips ,  t h e  o p t i c s ,  passive radia- 
tors -- a l l  the c r i t i c a l  technology acquired for t h e  implementation of ap NLA 
sys t em.  We a r e  a l s o  developing instrument concepts and we a r e  doing t h i s  
through a number of Phase A s t d i e s .  In  addi t ion ,  we have support  a c t i v i t i e s .  
PrimaFily we a r e  t ry ing  t o  def ine  what the requirements a r e  from a science 
standpoint,  and what the user requirements a r e ,  and how can we best. u t i l i z e  
t h i s  technology. We a r e  i n  t h e  process of forming a science wo' ng group. 
And f i n a l l y ,  we a r e  looking in to  var ious concepts and scenarios  t o r  missions 
f o r  va l ida t ion  of t h e  technology. 
I want t o  mention the  f a c t  t h a t  besides  t h e  MLA a c t i v i t y  the re  a r e  other  com- 
plementary technology e f f o r t s  w i t h i n  NASA. There is t h e  information adaptive 
system e f f o r t  which i s  being funded by OAST. This i s  an e f f o r t  t o  develop and 
demonstrate a breadboard f o r  on-board s ignal  processing MLA-type da ta .  Spe- 
c i f i c a l l y ,  t h i s  breadboard process w i l l  cor rec t  a l l  the  MLA data  a t  the 80- 
to 90-megabyte range, and, i n  addi t ion ,  generate a l l  t h e  geometry cor rec t ion  
f a c t o r s  cuch t h a t  i t  can be resavpled on t h e  ground. ?he i n p u t  w i l l  be the  
ephemeris information, t h e  a t t i t u d e  control  information and t h e  thermal data  
f ran which the resampling coe f f i c i en t s  w i l l  be ca lcu la ted .  There a r e  two  
other  a c t i v i t i e s ,  one ca l led  TIRA (Thermal Infrared Ray)--an e f f o r t  which has 
been under way f o r  about two years t o  develop an 8- t o  12,000-micron element 
l i nea r  array.  Final ly  the re  is another a c t i v i t y  -- TIMS (Thermal Infrared 
Multispectrai  Sci7"1?er): t h i s  i s  an e f f o r t  t o  develop a 6-channel imaging spec- 
trofieter r a d i m e t e r  fo r  a i r c r a i i  c t i l i z a t i o n .  I might mentioii t h a t  the scan- 
ner w i l l  be del ivered t o  JPL f o r  ca l ib ra t ion ,  t i ~ t t  fn t h e  June-July time f r m e  
it  w i l l  be  flown on t h e  Lear 23 J e t  out of  NSTL. 
One of the areas  t h a t  we're looking a t  is t h e  p o s s i b i l i t y  of some s o r t  or i7 
Shu t t l e  experiment. Original ly ,  our majw i n t e r e s t  was i n  some 901 t of  a 
f ree-f lyer :  however, w i t h  the budget uncer ta in t ies  we f e l t  t h a t  a Shuttle-type 
mission might be a viable  and perhaps a more r e a l i s t i c  a l t e r n a t i v e  a s  a pre- 
cursor for  a f u l l - u p  experimental mission u t i l i z i n g  a f r e r - f lye r .  What I have 
summarized here a r e  some of the  objec t ives ,  technology va l ida t ion  ob jec t ives ,  
*Edited o ra l  presentation. 
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and some r e s e a r c h  o b j e c t i v e s .  It t u r n s  o u t  t h a t  there  a re  some p r o b l e m s  u t i l -  
i z i n g  t h e  S h u t t l e  for t h i s  t y p e  of r e s e a r c h .  W i m a r i l y  t h e  S h u t t l e  d o e s  no t  
h a v e  a v e r y  a d e q u a t e  p o i n t i n g  s y s t e m .  The way we t h i n k  we c a n  c i r c u m v e n t  t h a t  
i s  t o  u t i l i z e  some of  t h e  p o i n t i n g  m o d u l e s  which are c u r r e n t l y  u n d e r  d e v e l o p  
ment w i t h  NASA. One of them is t h e  IPS,  and I u n d e r s t a n d  t h e r e  i s  a n c t h e r  
p o i n t i n g  module which i s  b e i n g  d e v e l o p e d  b y  L a n g l e y .  By t i l t i n g  t h e  S h u t t l e  
a b o a t  45O and l o o k i n g  s i m u l t a n e o u s l y  a t  + h e  s tars ,  we t h i n k  we c a n  b o t h  t r a c k  
and g e t  kCS i n f o r m a t i o n  I n  a d d i t i o n  t o  imaging  on t h e  g r o u n d ,  
F i g u r e  1 p r o v i d e s  a c o m p a r i s o n  be tween MU and o t h e r  Ea r th  o h s e r v a c i o n  imaging  
s y s t e m s .  T h e r e  are t h r e e  t y p e s  of  t e c h n i q u e s  t o  g e n e r a t e  imagery .  There i s  
t h e  c o n v e n t i o n a l  s c a n n e r  -- t h e  m e c h a n i c a l  s c a n n e r  -- which s c a n s  b a c k  and 
f o r t n  across c h c  g r o u n d  w i t h  t h e  s p a c e c r a f t  p r o v i d i n g  t h e  mot ion  and t h e  s c a n  
i n  t h e  i n - t r a c k  d i r e c t i o n .  The n e x t  l e v e l  of s c a n n e r  beyond t h i s ,  which i s  
s t r i c t l y  m e c h a n i c a l ,  is  t h e  MLA a p p r o a c h  whish i s  b a s i c a l l y  a l i n e a r  a r r a y  
which p r o v i d e s  e l e c t r o n i c  s c a n  i n  t h e  c r o s s - t r a c k  d i r e c t i o n  and t h e  o r b i t a l  
m o t i o n  p r o v i d e s  t h e  s c a n  i n  t h e  i n - t r a c k  d i r e c t i o n .  'Ihe k e y  here is t h e  f a c t  
t h a t  t h e  pushbrocm-type s c a n n e r  p r o v i d e s  s i m u l t a n e o u s  imaging  i n  t h e  cross- 
t r a c k  d i r e c t i o n  -- i t  n a i n t a i n s  p e r s p e c t i v e  i n  o n e  d i r e c t i o n  a t  l eas t .  T f  you 
g o  t o  a c o n v e n t i o n a l  f r a n i n g  camera 14.!te a 35-mm c a m e r a ,  t h e  p e r s p e c t i v e  i s  
imaged s i l m c l t a n e o u s l y  i n  b o t h  d i r e c t i o n s  -- t h e  c o n v e n t i o n a l  framer. Again ,  
NASA e x a n p l e s  a r e  t h e  r e t u r n  beam v i d e c o n  and t h e  l a r g e  format camera  -- which  
is  a f i lm camera.  What I want  t o  summarize here a re  some of t h e  pushbroom- 
t y p e  s c a n n e r s  which h a v e  b e e n  proposed  and o n e  which i s  a c t u a l l y  i n  t h e  hard-  
ware s t a g e .  The imaging  s p e c t r o m e t e r  ( F i g u r e  2) is a n  a p p r o a c h  which JPL 1 2  
d e v e l o p i n g  and b a s i c a l l y  i s  a n  a p p r o a c h  where in  a slit ,  which  c o r r e s p o n d s  t o  
o n e  l i n e  o n  t h e  g r o u n d ,  is  s i m u l t a n e o u s l y  imaged i n  a nunber  of  spectral  
bands .  The s l i t  is  d i s p e r s e d  by t h e  d e f i a s t i o n  g r a d i n g  and %en reitlraged o n t o  
t h e  area r a y .  The a d v a n t a g e  i s  t h a t  you h a v e  i n h e r e n t  r e g i s t r a t i o n s  because 
of t h e  f a c t  t h a t  you a r e  imaging  o n l y  t h e  s l i t  and a l l  Lhe colors s i r n d t a n e -  
o u s l y .  The o t h e r  a d v a n t a g e  is  t h e  f ac t  t h a t  b y  programming t h e  a r r a y  you ca.1 
a r b i t r a r i l y  c h s n g e  b o t h  t h e  spectral p a t h  and t h e  c e n t e r  f r e q u e n c i e s .  
As f a r  a s  t h e  p o t e n t i a l  a d v a n t a g e s  o f  t h e  pushbroom mode of  imaging  w i t h  t h e  
MLA, o n e  of t h e  l i m i t a t i o n s  o f  t h e  m e c h a n i c a l  s c a n n e r  i s  t h e  q u e s t i o n  of x a n -  
n e r  l i t i e a r i t y .  Witn a n  e l e c t r o n i c  s c a n n e r  1 - x e  t h e  MLA, f o r  a l l  i n t e n t s  and 
p u r p o s e s ,  there i s  n o  l i n e a r i t y  b e c a u s e  of t h e  fact. t h a t  you a re  e l e c t r o n i c a l -  
l y  s c a n n i n g  as opposed to  m e c h a n i c a l l y  s c a n n i n g ,  One of  t h e  a d v a n t a g e s  i s  
t h a t  you s i m u l t a n e o u s l y  image a l i n e - - a l l  t h e  p i x e l s  i n  o n e  l i n e - - s o  t h a t  
there  i s  less  t h a n  a j i t t e r  problem--because you h a v e  l i t e r a l l y  f r o z e n  t h e  
l i r e  i n  time and s p a c e .  T h e r e  is  no  h i g h - f r e q u e n c y  j i t t e r  component v a r i a t i o n  
fran p i x e l  t o  p i x 7 1  b e c a u s e  you d o n ' t  s c a n  a c r o s s  t h e  l i n e ,  you s i m u l t s n e o u s l y  
image i t .  'ihe o t h e r  a d v a n t a g e  i s  t h e  f i x e d  g e o m e t r y ,  and a g a i n  t h a t  p r o v i d e s  
t h e  true p e r s p e c t i v e  i n  cross- a c k  d i r ec t ion  and t h a t  p o t e n t i a l l y  will reduce 
t h e  g e o m e t r i c  c o r r e c t i o n  r e q u i r e m e n t s  and r e s a m p l i n g  requi r tTj len ts  s l m p l y  be- 
cause o f  t h e  f a c t  t h a t  t h e  de t ec to r  geometry  was f i x e d .  The other  a t t r i b u t e  
is  t h e  f a c t  t h a t  s i n ? e  t h e  s c a n  is e l e c t r o n i c ,  you c a n  c h a n g e  them and program 
them; for example ,  i f  yot: h a v e  o r b i t  a n o m a l l y ,  you c a n  pre ,suTably charlge t h e  
s c a n  r a t e s  d y n a m i c a l l y  s u c h  t h a t  you d o n ' t  h a v e  t h e  o v e r l a p u n d e r l a p  problem.  
F i n a l l y ,  i n h e r e n t  band-to-band r e g i s t r a t i o n  i s  p o s s i b l e .  One o f  t h e  r e a s o n s  
why we a r e  i n s i s t i n g  on o b t a i n i n g  band-to-band r e g i r t r a t i o n  and o n e  c f  t h e  re- 
q u i r e m e n t s  o f  t h e  d e f i n i t i o n  s t u d y  i s  t h a t  band-tc-band r e g i s t r a t i o ?  b e  less 
t h a n  1/10 of a p i x e l .  This requirement i s  made b e c a u s e ,  f o r  e x a m p l e ,  i f  you  
h a k e  a 15-meter p i x e l  and a m i s r e g i s t r a t i o n  of  1 /10  of a p i x e l ,  t h e n  t h e  best  
YOU can do a s  f a r  as t h e  e r r o r  i n  t h e  r a t i o s  i s  of t h e  o rde r  o f  2%. We a r e  
c u r r e n t l y  invclved i n  an i n s t r u n e n t  d e f i n i t i o n  s t u d y ,  and we have four  con- 
t r a c t o r s  s tudying a l t e r n a t i v e  instrument c o n f i g u r a t i o n s .  One o f  t h e  t h i n g s  
t h a t ' s  come ou t  o f  t h e  s t u d i e s  i s  the fsct t?wt i t ' s  gc ing  to b e  very,  very 
d i f f i c u l t  t o  mechanically r e g i s t e r  each o f  che bands  t o  less  t h r n  1/10 of  an 
IFCIV. 
What t h e  Table 1 c h a r t  does i s  compare t h e  results of' morinting a F a i r c h i l d  
Loreors and the MLA requirements .  As you c m  see, i t  looks  l i k e  i t ' s  p o s s i b l e  
t o  g e t  t o  1/10 of an F3V, b u t  t h i s  i s  t h e  c u r r e n t  s ta te  o f  t h e  a r t  i n  terms 
o f  t h e  physical  l o c a t i o n  atid mounting o f  c h i p s  t o  form a contigclous a r r a y .  
I just want t o  qu ick ly  touch on t w o  c o n s i d e r a t i o n s  a s  far  as m i s r e g i s t r a t i o n  
i s  concerned. One i s  t h e  impact o f  t h e  E a r i h ' s  r c t a t i o n  !see Figure 3 ) .  If 
you have a displacement  o f  t h e  a r r a y  i n  t h e  f o c a l  plane -- l e t ' s  say you have 
a s i x - l i n e a r  a r r a y  f o c a l  plane c o n s i s t i n g  of s i x - l i n e a r  a r r a y s  w i t h  i n t e g r a t e d  
f i l t e r s ,  t h e  physical  displacement  between band one and band six had t o  be 
l e s s  than 20 IF3Vs. The impact o f  t h e  r o t z t i o n  of t h e  Ea r th  is  shown i n  
Figure 3.  There a r e  two waya t o  compensate f o r  t h e  misr 3 l s t r a t i o n  and t h a t  
i s  t o  in t roduce  a yaw and a p i t c h  i n  the  d i r e c t i o n  o p p o s i t e  t h e  westerly ro t a -  
t i o n  o f  the Earth.  The o t h e r  i s  t o  s i m p l y  change t h e  heading,  and reduce t h e  
v e l o c i t y  vec to r  a s soc ia t ed  w i t h  t h e  r o t a t i o n  o f  t h e  E a r t h ,  Another considera-  
t i o n  -- and t h i s  one i s  e q u a l l y  a p p l i c a b l e  t o  scanne r s  and t o  pushbroom a r r a y s  
-- is c h c  e f f e c t  o f  o f f  n a d i r  viewing and t h e  geometric con . - iA?ra t ion  (F igu re  
4). As poii  view off  n a d i r ,  obviously what happens i s  t h a t  you g e t  panorama 
e f f e c t .  You g e t  geometric d i s t o r t i o n ,  b u t  i n  a d d i t i o n ,  there ' s  a r e s o l u t i o n  
and a scale change. I might add t h a t  t h e  f i e l d  o f  views c u r r e n t l y  being con- 
s ide red  f o r  t h e  MLA i s  +7-1/2 t o  15 degrees .  11; turns o u t  t h a t  t h e  pushbroom 
a r r a y ,  because of  t h e  Fact t h a t  i t  s imultaneously images, h a s  an advantage.  
By maintaining perspective, i t  t u r n s  o u t  t h a t  t h e r e ' s  a s l i g h t  geometric d i s -  
tor t . ion advantage t o  t h e  pushbroom over t h e  scanner .  But a s  you can see if' 
you po in t  ol'f n a d i r ,  t h e r e ' s  a s i g n i f i c a n t  change i n  t h e  pe r spec t ive  which we 
c a l l  t he  panorama e f f e c t .  That impacts t h e  problem as soc ia t ed  w i t h  a b s o l u t e  
geolocat ion and a i s r e g i s t r a t i o n  tiecazse a n y  a t t i t u d e  change w i l l  result  i n  d 
cons ide rab ly  l a r g e r  u n c e r t a i n t y  it! term:. o f  r e g i s t r a t i o n  and geo loca t ion  o f f  
nad i r  than on nadir.  So t o  summarize some of  t h e  i s s u e s  a s s o c i a t e d  w i t h  o f f  
nad i r  v i e w i n g ,  a n y  system we're going t o  cons ide r  i n  t h e  fut1.1re w i l l  havt  t h e  
c a p a b i l i t y  t o  po in t  o f f  n a d i r .  The reason we 'd  l i k e  t o  go  t o  o f f -nad i r  point-  
i n g  is  t o  inc rease  t h e  temporal v i s i t a t i o n .  For example, w i t b  SPOT, t h e i r  
26-day overpzss  c y c l e  is reduced t o  one t,o f i v e  days b y  a 2 2 6 O  of f -nad i r  v i ew-  
ing c a p a b i l i t y  . From t h e  r e sea rch  s t a n d p o i n t ,  t h e r e  a r e  a d d i t i o n a l  d e s i r a b l e  
f e a t u r e s  o f  off-nadir  po in t ing .  These inc lude  the  a b i l i t y  t o  i n v e s t i g a t e  a t -  
mospheric e f f e c t s ,  adjacency e f f e c t s ,  and c a l i b r a t e  t h e  atmosphere. A key is- 
sue fo r  the conference t o  be concerned w i t h  a s  f a r  os  of f -nad i r  poi ; i t ing is 
the p o s s i b i l i t y  of r q i s t e r i n g  a n a d i r  scene w i t h  an o f f -nad i r  scene, given 
the  georretric d i s t o r t i o n s  and t h e  o t h e r  problems a s s o c i a t e d  w i t h  o f f -nad i r  
vi,:wing. 
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I. INTRODUCTION 
Synthetic aperture radar (SARI (1,2] is a side-looking sensor capable of 
very fine along-track resolution. This characteristic, in addition to its 
all-weather monitoring capability, makes it an attractive inst:ument for 
generating space imagery. A SAR typically operates in a spectral region 
(1-10 GHz) that complements most optical scanners (LANDSAT). 
the subsurface sensing depth is much greater and the reflectance properties 
of imaged terrain objects are different [ 3 ] .  
complementary set of ''terrain sigqatures" that when registered with other 
spectral data can greatly facilitate the interpretation of reuotely sensed 
imagery. But before multisensor data can be properly registered, the various 
types of distortion inherent in SAR imagery must be quantitatively analyzed. 
This requires an understanding of the properties of the sensor as well as the 
data Grocessing system used in the image formation. 
In this region, 
A S A R  will therefore collect a 
The production of quality imagery from spaceborne SAR dats. reqtrires 
extensive processing of the raw echo data. This procedure is more complex 
than previously used for aircraft SAR imagery due to the large i:.crease in 
sensor altitude. The correlation procedure must compensate not only for 
undesirable spacec- :ft motion, but also for target motion resulting from 
Earth curvature and rotation [ 4 , 5 ] .  To simplify this procedure, 
approximations arz o f t e n  made that can resilt in both geometric and 
radiometric distortion i n  the image product. Furthermore, t h e  viewing 
geometry of the SAK and the characteristics of the data collection system 
w i l l .  a l s o  introduce distortion into the imagery. 
imagery with cther types of remotely sensed imagery requires the 
Precise registration of S A k  
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identification of these distortions and the development of post-processing 
cechniques to rectify them. Furthermore, considering the large quantity of 
data, it is desirable that these pv+-processing techniques be automated and 
designed to itterfacr! directly with the image processor to generate a 
geometrically and radLometricalLy correct product without supervision or 
operator interaction. 
0 
This paper wili summarize what is currently known about these 
distortions and describe the develcpment to date of unsupervised 
post-processing rectification techniques. 
eivided into two crtegories. 
derived from the radar viewing geometry. 
ground range nonlinearities, rada- foreshortening and radar layover. The 
second category consists of distortions introduced during the data 
processing. 
correlation such as in estimation of the taiget phase history, or 
compensation for the earth rotation. 
obviously depend on the specific correlation algorithm used for image 
fornition. 
resulting from assumptiocs during the processing and it specifically 
considers distortions inherent in digital imagery produird by the digital 
image processor at JPL L61. 
The geometric distortion can be 
The first catagory consists of distortion 
This includes such effects as 
These distortions result from approximations made during the 
The processor induced distorclons will 
This paper generally addresses the effects on the image ,roduct 
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II. SAR REVIEW 
This  s e c t i o n  i s  intended as a b r i e f  t u t o r i a l  on S A R  s y s t e m  
c h a r a c t e r i s t i c s  and processing techniques.  Basic s y s t e m  parameters  are 
introduced t h a t  are r e l e v a n t  t o  understanding t h e  senso r  and p rocesso r  
induced d i s t o r c i o n  t o  be d i s c c s s e d  i n  subsequent s e c t i o n s .  
r e a d e r s  w i l l  f i n d  a n  e x c e l l e n t  i reatment  of  v a r i o u s  c h a r a c t e r i s t i c s  of  SAR i n  
I n t e r e s t e d  
a r e c e n t l y  publ ished c v l l e c t j o n  of papers  [ ' I .  
2.1 SAR Sensor C h a r a c t e r i s t i c s  
The viewing geometry for a SAR i n  t h e  imaging mode i s  i l l u s t r a t e d  i n  
Figure 1. 
energy i n  t h e  form of p u l s e s  and r e c e i v i n g  t h e  backsca t t e red  s i g n a l .  
d a t a  i s  e i t h e r  recorded on f i l m  i o r  l a t e r  o p t i c a l  p rocess ing  or i s  
t ransmitced on a dovi i l i rk  t o  a t r a c k i n g  s t a t i o n  where i t  i s  d i g i t i z e d  and 
recorded on h igh -dens i ty  t a p e  t o r  d i g i t a l  processing.  
d i r e c t i o n  i s  normal t o  t h e  f l i g h t  pa th  and i t s  o r i e n t a t i o n  with r e s p e c t  t o  
ihe s p a c e c r a f t  i s  norrdaliy i i x e d .  ltro important s y s t e m  parameters  a r e  t h e  
antenna look  a n g l e e ,  de f ined  as  t h e  ang le  - f  t h e  antenca beam v i t h  r e s p e c t  
t o  n a d i r  d i r ec t iLa , and  t \e  s l a n t  range K, t h e  distirnce from t h e  senso r  t o  t h e  
imager( t a r g e t  area.  
s p a c e c i a f t  a l t i t u d e  11, determine t h e  c ros s - t r ack  dimension of t h e  r a d a r  
t 00 t p r i t i  t . 
The senso r  moves along a predetermined o r b i t  t r a c k  r i d i a t i n g  
Th i s  
The antenna p o i n t i n g  
The r a d a r  antenna range beamwidth p and t h e  r 
l h e  r ada r  trarismLtLer i s  t y p i c a l l y  designed t o  o p e r a t e  i n  a frequency 
region b e t w e e n  L-band and  X-band, t h u s  p e r m i t t i n g  cloud and fog p e n e t r a t i o n .  
lhe p u l s e  r e p e t i t i o n  frequency (PKFj of  t h e  r ada r  a n d  t h e  s p a  - r a f t  v e i o c l t y  
determint  the aziniuih ( a lond- t r ack )  r e s o l u t i o n .  T h i s  i s  t y p i c a l l y  designed 
t o  be s e v e r a l  times h ighe r  t han  t h e  range ( c ros s - t r ack )  r e s o l u t i o n  so t h a t  
t h e  azimuth r e t u r n  can be  d iv ided  int:, several looks f o r  incoherent  summation 
t o  reduce t h e  speck le  noise .  
s p e c t r a l  bandwidth t f  t h e  t r a n s m i t t e d  pulse .  
waveform are t y p i c a l l y  used t o  achieve t h e  maximum r e s o l u t i o n  f o r  a givec 
l e v e l  of t r a n s m i t t e r  power [ a ] .  During t h e  image p rocess ing  t h e s e  p u l s e s  
must be compressed t o  a poinL rtspouoe. 
both reduced r e s o l u t i o n  and range s i d e l o b r s  i n  t h e  imagt. 
The range r e s o l u t i o n  i s  determined by t h e  
Coded p u l s e s  auch as a c h i r p  * 
I m y r f e c t  compression can  r e s u l t  i n  
2.2 SAR Processor C h a r a c t e r i s t i c s  
P rocess ing  raw echo iicta i n t o  f i n i s h e d  imagery e s s e n t i a l l y  c o n s i s t s  of 
t h e  fol lowing f o u r  steps (15) : 
(1) Range p u l s e  compression; 
( 2 )  Doppler parameter e s t i m a t i o n ;  
( 3 )  Azimuth c o r r e l a t i o n ;  and 
( 4 )  Speckle reduct iox.  
2.2.1 Range Pu l se  Compressioit 
T h e  purpose of t h i s  step i s  t o  compress t h e  time d i s p e r s e d  r a d a r  
t r a n s m i t t e d  p u l s e  i n r o  an impulse. 
waveform typica1;y used because of i t s  focusing c a p a b i l i t y  i n  an o p t i c a l  SAR 
processor .  
t r  insmission of a wide-band p\ iJse  and u s e  of t h e  d a t a  processor  t o  comFress 
t h i s  pu l se .  The range r e s o l u t i m  can be .ipproximated by 
A c h i r p  f d n c t i o a  is t h e  r a d a r  p u l s e  
The key t o  a t t a i n i n g  a n  adequate s i g n a l - t o ?  ' ,e r a t i o  i s  
ORIGINAL PAGE \S 
OF BOOR QUALln 
where c i s  t h e  spezd  o f  l i g h t  and W is t h e  p u l s e  bandwidth.  
require:, u n u s u a l l y  l a r g e  pulse compress ion  ra t ios  compared w i t h  a i r c r a f t  
r a d a r  t o  a c h i e v e  f i n e  image q u a l i t y .  
Spaceborne SA!! 
2.2.2 Doppler  Pa rame te r  E s t i m a t i o n  
Format ion  of t h e  s y n t h e t i c  a p e r t u r e  i s  c r i t i c a l l y  dependent  on  a c c u r a t e  
This phase  e s t i m a t i o n  of  t h e  phase  d e l a y  h i s t o r y  of t h e  r e t u r n  echo  s i g n a l .  
d e l a y  c a n  be approximated by [9] 
+ ( t j  = 4 ( 0 )  + 2n t t + 1. i t’) ( d  2 d 
where +(O) i s  the phase  a t  t=O, f d  is  t h e  Doppler  f requency  s h i f t  o f  t h e  
ech i  d a t a s a n d  i 
f d  ,:id f p a r a m e t e r s ,  
d a t a .  Lf dii a c c u r a t e  ephemer is  is  n o t  a v a i l a b l e ,  t h e s e  estimates c a r  be used  
a s  i n i t i a l  p r e d i c t s  ana  f u r t h e r  r e f i n e d  by e v a l u a t i o n  o f  c e r t a i n  
c h a r a c t e r i s t i c s  i n  t h e  r e s u l t a n t  imagery. Details of  t h e s e  r e f inemen t  
t e c h n i q u e s ,  ternied autofocusip.g :dr f and c l u t t e r l o c k  f o r  f c a n  be 
found i n  tce l i t t r a t u r e  [9,11)]. 
is t h e  b o p p l e r  r a c e ,  b o t h  e v a l u a t e d  a t  t = O .  These two 
c a n  be  esLin:ated based  o n  t h e  o r t i t  qnd a t t i t u d e  
d 
d ’  
d d’ 
2 . 2 . 3  Azimuth C o r r e l a t i o n  
One of t h e  pr imary f e a t u r e s  of SAR is i t s  v e r y  h i g h  . s o l u t i o n .  / z  
p r e v i o u s l y  d i s c u s s e d !  f i n e  r acge  r e s o l u t i o n  i s  ach ieved  by t r a n s m i s s i o n  of a 
d i d e  bandwidth p u l s e  and compress ion  of  t h i s  p u l s e  i n  t h e  d a t a  p rocesso r .  A 
h igh  azimuth r e s o l u t i c n  i s  ach ieved  by c o h e r e n t  p r o c e s s i n g  of ecbo  datL fro& 
168 
succtissive r a d a r  pulses .  The azimuth co:re!ction o p e r a t i o n  e s s e n t i a l l y  
s imula t e s  a very narrow e f f e c i i v e  beamwidth i n  t h e  azimuth d i r e c t i o n  by 
cohe ren t ly  adding t h e  r e t u r n s  of  s e v x a l  r a d a r  echoes. 
performdd on range compresszd d a t a  and in\r.'.ves s h i f t i n g  ;he p!.sse r e f e r e n c e  
f u n c t i o n  given i n  (2 )  and summing thc r e s u l t a n t  d e t e c t e d  r c k , ~  d a t a .  
This o p e r a t i o n  is  
The  complexity of t h e  azimuth c o r r e l a t i o n  i s  inc reased  by t h e  range 
m i g r a t i o n  of t h  
migratioti  c o n s i s t s  of a range walk t e r m  which Is d i z e c t l y  propzztLC~ri :  t o  t h e  
e l apsed  along-track t ine and a range c u r v a t u r e  term, which is prQpcr t iona1  t o  
t h e  square of t h e  a long-track t i m e .  
t a r g e t  t r a n s v e r s e s  may range r e s o l u t i o n  t lement s, t h e  i i :>ut  d a t a  i s  resampled 
b e f o r e  ' h e  phase r e f e r e n c e  f u n c t i o n  i s  appi i r  J. 
r e t u r n  f r o n  each pu l se  over  t h e  l eng th  of t h e  s y n t h e t i c  ?qerture i s  summed t o  
o b t a i n  a r e f i n e d  estimate of  t h e  t a r g e t ' s  b r igh tness .  
added e v e r  t h e  full a p e r t u r e ,  a s ingle- look f u l l  r e s o l u t i o n  image is 
produced. 
reduced r e&o?u t ion  images are produced. For examTle, twc single- look images 
can be prodcced by d i v i d i n g  t h e  phase r c i e r e n c e  f u n c t i o n  i n  h a l f  and 
processinq t h e  f i r s t  and second p o r t i o n s  of t h e  t a r g e t  response ctpa?:ctely. 
The s ingle- look images a r e  then  added incohe ren t iy  a6 d i s c r i b e d  i n  t h e  nex t  
s e c t i o n  t o  o b t a i n  a mult iple- look sage. 
t a r g e t  as i t  pas ses  through t h e  antenna besl. -;lis 
To compznsate for t h e  L - C L  t h a t  t h e  
A f t e r  pkase  a e t e c t i o n ,  t h e  
I f  t h e  r e t u r n s  are  
If t h e  a p e r t u r e  i s  divided i n t o  s e c t i o n a ,  s e v e i q l  single-1001. 
2.2.4 SFeckle Reauction 
Cot.-rent processing of rcdar echo d a t a  i s  used  t o  acnieb.- ver:' f i n e  
along-ti ; k  r e s o l u t i o n ,  but L h i s  same proceri.cing a l s o  makes t h e  ;~i!,*ges 
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suscept ib le  t o  speckling e f f e c t s .  Basical ly ,  speckling r e s u l t s  from 
s c a t t e r i n g  of notumiformly d i s t r i b u t e d  r e f l e c t o r s  wi th in  a r e so lu t ion  c e l l  
during the  period t h e  cell  is within t h e  antenna beam. 
s igna l  dependent and the re fo re  a c t  l i k e  mul t ip l i ca t ive  noise.  
speckle suppression e s s e n t i a l l y  f a l l  i n t o  two main ca tegor ies :  
= -:era1 reduced r e so lu t ion  images produced from independent looks; and 
i> f i l t e r i n g  a fu l l - r e so lu t ion  single-look image t o  smooth t h e  speck le .  
The speckles art? 
Techniques f o r  
1) averaging 
The muliiple-look overlay technique i s  t y p i c a l l y  used for image 
production because it  can achieve a s a t i s f a c t o r y  l e v e l  of spectcle reduction 
with a minimal amount of add i t iona l  canputat ion [ll]. 
looks, t h e  phase reference funct ion is  divided i n t o  segments during azimuth 
cor re la t ion .  
r e tu rn  echo da ta  t o  produce a reduced r e so lu t ion  single-look image of t h e  
t a r g e t  area. 
produce a multi-look product with reduced speckle noise.  
To produce mul t ip le  
Each segment is appl ied t o  t h e  appropr ia te  por t ion  of t h e  
The s i n g l e  look imagery i s  then r eg i s t e red  and averaged t o  
The speckle can a l s o  be reduced by f i l t e r i n g  a single-Look h igh  
reso lu t ion  image [12]. Smoothirrg algorithms have been devised based on t h e  
l oca l  s t a t i s t i c s  of t h e  noise.  
g rea t e r  speckle reduction f o r  a given reso lu t ion  product then t h e  
multiple-look overlay technique, but  because of t he  add i t iona l  computational 
Load, t h i s  approach is not  f e a s i b l e  for la rge-sca le  image production. 
I n  general ,  these  f i l t e rs  can achieve a 
c- - -5 
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111. GEOMETKIC DISTORTION 
SAK ilnagery i s  s u b j e c t  t o  several t y p e s  of geomet r i c  d i s t o r t i o n  t h a t  
must be c o r r e c t e d  t e f o r e  t h e  imagery c a n  be p r o p e r l y  r e g i s t e r e d  w i t h  o t h e r  
s e n s o r  d a t a .  These d i s t o r t i o n s  can b e  c l a s s i f e d  i n t o  two main c a t e g o r i e s :  
1) s e n s o r  d e r i v e d  d i s t o r t i o n ,  and  2) p r o c e s s o r  d e r i v e d  d i s t o r t i o n .  
3.1 Sensur  Derived D i s t o r t i o n  
The geomet r i c  d i s t o r t i o n s  c a s s i f i e d  i n  t h i s  ca t e f ,o ry  are mainly d e r i v e d  
Design pa rame te r s  such  as t h e  sensor from t h e  viewing geometry o f  t h e  r ada r .  
a l t i t u u e ,  look angle ,and  r ange  beamwidth are c r i t i ca l  i n  de t e rmin ing  t h e  
deg ree  o f  d i s t o r t i o n  i n  t h e  imagery. 
r e q u i r e d  t o  correct t h e s e  d i s t o r t i o n  e f f e c t s .  
In  most cases, p o s t p r o c e s s i n g  w i l l  be  
3.1.1 Ground Range N o n l i n e a r i t y  
Pe rhaps  t h e  most predominant  d i s t o r t i o n  i n  a spaceborne  S A R  image i s  t h e  
T h i s  e f f e c t  r e s u l t s  from t h e  f a c t  t h a t  e a c h  p i x e l  ground r ange  n o n l i n e a r i t y .  
r e p r e s e n t s  a c o n s t a n t  s l a n r  r ange  d i s t a n c e  r a t h e r  t h a n  uiiiform ground 
spacin,. 
rar.gr p r o j e c t i o n .  F e a t u r e s  i n  t h e  n e a r  r ange  o f  a s l a n t  range image a r e  
compressed w i t h  respect t o  t h e  f a r  range. For example,  a c i r c l e  i n  t h e  f a r  
range  would have t h e  appearance  of a n  e l l i p s o i d  i n  t h e  ne.ir range  o t  t h e  
imagtp. To p r o j e c t  t h e  iL.,dge i n  a ground range  f o r r u t ,  t h e  ground d i s c a n c e  
represer . ted by e a c h  p i x e l  A,, t h e  s l a n t  range  p r o j e c t i o n  m u s t  be de termined  
t run1 
F i g u r e  2 i l lus t ra tes  t h e  t y p e  o f  d i s t o r t i o n  i n h e r e n t  i n  a s l a n t  
where L r  i s  t h e  s l a n t  range p i x e l  spacing and 4 is t h e  inc idence  a n g l e  of t h e  
r a d a r  beam a t  t h e  target. lhe s l a n t  range spacing is c o n s t a n t  and is g iven  by 
C 
Ar - 
S 
f 
where c is t h e  speed of l i g h t  and fs i s  t h e  sampling frequency. 
maximum frequency is l i m i t e d  by t h e  range bandwidth. For SEASAT SAR, t h i s  
frequency w a s  45.53 MHz producing a s l a n t  range spac ing  of 6.59 m. 
The 
The incidence a n g l e , + ,  can  be r e l a t e d  t o  t h e  beam e l e v a t i o n  a n g l e , e ,  
by t r i g o n o r i t r i c  means as fo l lows  (Figure 3) 
where R is t h e  r a d i u s  of t h e  e a r t h ,  H is &he  s p a c e c r a f t  h e i g h t  a n d e ,  the 
look ang le ,  is  g iven  by 
e 
( 4 )  
The r e l a t i o n s h i p s  f o r  4 and 8 i n  ( 5 )  and (6) 
smooth s p h e r i c a l  s u r f a c e  wi th  a r a d i u s  eqilal  t o  the r a d i u s  of t h e  e a r t h  a t  
t h e  t a r g e t .  Since t h e  incidence ang le  i s  a func t ion  of t h e  t e r r a i n ,  equa t ion  
( 5 )  i s  ony approximate f o r  a rough su r face .  Th i s  could r e s u l t  i n  a n  e r r o r  i n  
t h e  ground range p r o j e c t i o n .  
have been de r ived  assuming a 
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3.1.2 Radar F o r e s h o r t e n i n g  [ 131 
Radar f o r e s h o r t e n i n g  is t h e  variation i n  a p p a r e n t  s ize  of i d e n t i c a l  
The e f f e c t  f o r  f e a t u r e s  a t  d i f f e r e n t  s l o p e s  w i t h  r e s p e c t  t o  t h e  sentior. 
t e r ra in  s l o p i n g  toward t h e  r a d a r  is an increase i n  t h e  e f f e c t i v e  i n c i d e n c e  
angle. 
respect to  t e r r a i n  s l o p i n g  away f rom t h e  sensor. 
F igu re  4. S i n c e  t e r r a i n  f e a t u r e s  are reco rded  as a f u n c t i o n  o f  t h e  s l a n t  
r ange  d i s t a n c e  from t h e  s e n s o r ,  slope ab is mapped i n t o  a ' b '  i n  t h e  image 
p l a n e  u h i l e  bc  i s  mapped i n t o  b 'c ' .  
l e n g t h ,  b ' c '  w i l l  be  more t h a n  t h r e e  times l a r g e r  t h a n  a ' b '  i n  t h e  image. 
Q u a n t i t a t i v e l y  s t a t e d  t h e  e l o n g a t i o n  (or  s h o r t e n i n g )  factor i 3  g i v e n  by 
T e r r a i n  s l o p i n g  toward t h e  r a d a r  w i l l  t h e r e f o r e  a p p e a r  e l o n g a t e d  w i t h  
T h i s  is i l l u s t r a t e d  i n  
Although a b  and bc  are i d e n t i c a l  i n  
h3' - s i n  ( 8 -  a ' b '  a b  7 
where 13 
angle similar t o  t h e  terrain slope, t h e  f o r e s h o r t e n i n g  r t i e c t  is most seve re .  
is  t h e  s u r f a c e  s l o p e  and 8 is  t h e  look  ang le .  Thus for  a l o o k  
S 
Thc f o r e s h o r t e n i n g  can  be  c o r r e c t e d  i f  t h e  r a d a r  a l t i t u d e  and look angle  
are  known and a t e r r a i n  map oi t h e  t a r g e t  area is a v a i l a b l e .  One t echn ique  
t o  c o r r e c t  t h e  fDreshor t en ing  i s  a s  follows ( 1 4 1 :  A d i g i t a l  t o p o g r a p h i c a l  
map i s  i l l u m i n a t e d  f r o m  t h e  same angle t h a t  t h e  r a d a r  used t o  g e n e r a t e  t h e  
o r i g i n a l  f o r e s h o r t e n e d  image. T h i s  can  be r o u t i n e l y  done u s i n g  a r a d a r  
s i m u l a t i u n  program. 
image is r cco rd rd .  This image is t h e n  r e g i s t e r e d  t o  t h e  ac tua l  r a d a r  image: 
The r e s u l t a n t  movement of each  p i x e l  i n  t h e  s imula t ed  
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and t h e  i n v e r s e  of  t h i s  movement i s  app l i ed .  
p rocess  is shown i n  Figure 5. 
f e a t u r e s  becoines r e a d i l y  apparc'tt.  
producing a n  inage without  fo re shor t en ing ,  i s  a t e d i o u s  p rocess  which 
r e q u i r e s  e x a c t  r e g i s t r a t i o n  o f  t h e  s imula t ed  image w i t h  t h e  a c t u a l  r a d a r  
image. 
t h e  imaged area which may n o t  be a v a i l a b l e .  
The r e s u l t  of t h i s  t ype  of 
Note t h a t  t h e  presence of  c e r t a i n  g e o l o g i c a l  
T h i s  technique,  a l though  capable  of 
I n  a d d i t i o n ,  t h i s  technique r e q u i r e s  a p r i o r i  terrain information f o r  
3 .1 .3  Radar Layover [131 
Radar layover  is a d i s t o r t i o n  i n h e r e n t  in a l l  r a d a r  imaging of irregular 
It r e s u l t s  from a n  image p i x e l  be ing  placed i n  i ts  c r o s s - t r a c k  t e r r a i n .  
l o c a t i o n  based on i t s  range from t h e  sensor .  
f e a t u r e s  w i t h  s t e e p  s l o p e s ,  t h e  t o p  o f  t h e  f e a t u r e  c a n  be  a t  a closer range 
t h a n  t h e  bottom. This e f f e c t  i s  shown i n  F igu re  6. It is  e s p e c i a l l y  severe 
when f e a t u r e s  o f  apprec i ab le  l e v e l  r e l i e f  appe6r i n  t h e  n e a r  r ange -  
I f  t h e  t a r g e t  area c o n t a i n s  
3.1.4 E a r t h  Ro ta t ion  
The e a r t h  r o t a t i o n  e f f e c t  i s  common t o  s a t e l l i t e  scanning s y s t e m s  where 
t h e  s c a n  l i n e s  are ga the red  s e r i a l l y  i n  t i m e  while  t h e  e a r t h ' s  Surface iS 
r o t a t i n g  d u r i n g  t h e  imaging per iod.  T h i s  results i n  t h e  n e a r  edge of t h e  
image being skewed wi th  respect t o  the  n a d i r  t r a c k  of t h e  s a t e l l i t e  as shown 
i n  Figure 7a. This  e f f e c t ,  known as range w a l k  o r  range m i g r a t i o n  can  be 
compensated by reSampiing t h e  echo d a t a  d u r i n g  t h e  image processing.  
Figure 7b shows t h e  outli t i t? of a n  image frame a f t e r  daia resampling t o  
compensate f o r  t h e  range w a l k .  The  s t a i r s t e p  edge is a n  a r t i f a c t  of t h e  
multiple-Look overlay p rocess  and does no t  r e s u l t  i n  any d i s c o n t i n u i t i e s  
w i t h i n  t h e  frame. 
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3.2 Processcr Derived Distortion 
The distortions generated during image formetion are obviously dependent 
on the specific processing algorithm. 
determining the phase reference function will result in a skewed image. 
sectior. 
Generally, approximations made in 
This 
discusses some typical approximations and the  resultant distortions- 
3.2.1 Earth Curvature and Rotation 
i n  the previous section, the range walk effect that results from the 
Earth rotation was described. 
curvature can also result in an image skew in the azimuth direction. 
skew occurs during the image formation process. 
process raw echo data into imagery the Doppler frequency and frequency rate 
must be aetemined. The rotation and curvature of :ha earth, however,result 
in a coaplex Doppler response that is a function not only o t  target latitude 
but also depends on target position within the swath. 
frequency as a function of swath position and latitude is s! MI in Figure 8.  
It is extremely difficult to design a processor that adapts to the varying 
frequency without introducing reduced image resolution resulting from 
misregisrration during the multiple-look overlay. 
precise tracking of the Doppler frequency during the processing, an optimum 
f is selected for the entire image frame and *e resultant skew is 
corrected in the post-processing. 
mismatch is essentially in the azimuth direction as shown in Figure: 9. 
amount ot skew is dependent on the ditference between the actual Doppler 
response of each target anJ the f d  used in the processing and is given by 
This rotation in conjunction with the Earth 
This 
As previously discussed, to 
A plot of Doppler 
As an alternative to 
d 
This skew resulting from the Doppler 
The 
A f d  PRF 
ANaz f, T 
175 
d where YRF is the pulse repetition frequency, L is the number of looks, A f  
is the Doppler frequency mismatch, fd is the Doppler rate and AN is the 
azimuth displacement in pixels. 
nearly linear, a linear correction can be used to deskew the image. 
1 W k m  swath vidth as in SEASAT S A R ,  a typical skew is ANaz = 150 pixels or 
2.5 karhich corresponds to a skew angle of 1.5 degrees. 
az 
Note that since the iso-Doppler lines arr’ 
For a 
3.2.2 Sensor Parameter Shift 
The eccentricity of the spacecraft orbit requires adjustment of the 
sensor parameters at certain intervals during the orbit. This can result in 
either a discontinuity, or variation of the pixel resolution within an imaGe 
frame. A sharp discontinuity in the image results from a shift in the delay 
of the pulse samp 
collection system 
sampled echo data 
ing window. 
to maintain tire optimum signal-to-noise ratio in the 
This parameter shift is made in the data 
If the rulse sampling wir:dow were not adjusted as the 
spacecraft altitude changed, this window would not center on the portion of 
the signal with the strongest return and the resulting imagery would be 
degraded. The effect on an image produced from data collected during a 
sampling window shift is to displace one part of the image in rauge with 
respect to the other, resulting in a line of discontinuity across the frame. 
Another parameter requiring adjustment based on variatioii in the 
The PRF is spacecraft orbit is the pulse repetition frequency (PHF). 
adjusted to prevent pulse mixing or range ambiguities. An upper limit OIL the 
PRF is set  t o  avoid interference between successive pu!ses. This limit is 
dependent on the range swath width which is in turn a function of spacecraft 
altitude. A lower limit on the PKF is determined by the resolution and 
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azimuth ambiguity requirements. 
spacecraft orbit. 
according to variation in the spacecraft height. Certain frames therefore 
may contain pixels of mixed resolution if the PRF was adjusted during that 
frame's data collection period. 
This bound is also dependent on the 
To keep the PRF within these bound&, it must be adjusted 
3.3 Radiometric Characteristics 
Registration of a SAR image to an optically sensed image: or another SAR 
image can present a difficult problem since the apparent brightness of an 
image pixel is critically dependent on the relative position of the sensor. 
A small change in the aspect angle can significantly alter the appearance of 
a scene as shown in Figure 10. Furthermore, SPiR imagery is corrupted by both 
speckle and thermal noise, pulse compression sidelobes, ambiguity responses 
and weak signal suppression effects (61. 
design, the effects of most of these distortions on the final image product 
can be minimized. 
greatest in coherent imagery of terrain with a surface roughness comparable 
to the wavelength of the illumination [151. 
summarion of looks or filtering at the cost of pixel resolution. 
With proper radar and processor 
The image degradation resulting from speckle noise is 
The speckle can be reduced by 
When attempting to register S A R  imagery from two adjacent passes for the 
purpose of constructing a mosaic, the distortion resulting from speckle can 
cause misregistration. This results from the fact that for a small change in 
the sensor qosition ( 4  km for SEASAT) the speckle noise in the resultant 
imagery is totally independent. Therefore, from one pass to the next a 
feirb.ure may be distorted differently resulting in a poor correlation between 
the two frames. An additional factor that can cause image misregistration 
between two adjacent passes i c  a phennrnenon C A I  l e d  epeciiln_r poin t  
1 7 7  
migration i l l u s t r a t e d  i n  Figure 11. 
varying s lope i s  imaged from two d i f f e r e n t  sensor posi t ions.  
pos i t i on  of a f e a t u r e  changes r e l a t i v e  t o  o the r  features wi th in  t h e  frame 
because the  point  of maximum r e f l e c t i v i t y  of t h a t  f ea tu re  occurs  a t  a s lope 
perpendicular t o  t h e  radar  beam. This e f f e c t  can a l s o  resu l t  i n  apparent 
mi s reg i s t r a t ion  of f ea tu res  i n  SAR imagery. 
This e f f e c t  occurs when a f ea tu re  with a 
?ne apparent 
IV. CURRENT PXOGkESS IN REGISTRATION/RECTIFICATION OF SAR FREQUENCY 
Many of the ,rometric and radiometric distortions present in digitally 
The effect processed SAR imagery do not occur in optically sensed imagery. 
of these distortions on image resolution, rectification and ultimately 
mosaicking have not been fully investigated. 
been constructed with digital SAR imagery and at present no ccmprehensive 
studies have been conducted to investigate the feasibility of generating 
unsupervised mosaics. 
To date very few mosaics have 
The SAR processing research group at Jet Propulsion Laboratory has laid 
the ground work for development of an unsupervised mosaicking procedure and 
plans to implement this procedure within the next year. Recently completed 
is an e’gorithm capable or’ determining the absolute lccation of an image 
pixel without the aid of ground reference points (61. 
utilizes information provided by the spacecraft ephemeris and characteristics 
of the sensor data collection system to predict the latitude and longitude of 
an arbitrary image pixel.TeStS 
better than 200 m for SEASAT S A R  data. 
primarily dependelit on the accuracy of the spacecraft position and velocity 
prcvided by the ephemeris and the validity of the assumed geoid in the target 
area. 
This algorithm 
have rhovn this technique has an accuracy of 
The target location uncertainty is 
The capability for unsupervised pixel location is a prerequisite for 
automated rectification and mosaicking of SAR imagery. 
both t h e  sensor and target position, the parameterb for slant range to ground- 
range conversion can be determined as well as the Doppler shift in the echo 
With informtion on 
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da ta .  Using t h i s  i n f o m a t i o n  and t h e  image p rocess ing  parameters ,  i t  i s  a 
s i m p l e  procedure t o  conduct range and azimuth i n t e r p o l a t i o n  t o  remove t h e  
ground rallge n o n l i n e a r i t y  and azimuth skew d i s t o r t i o n s .  An a lgo r i thm h a s  
been developed a t  JPL t o  c o r r e c t  t h e s e  d i s t o r t i o n s  f o r  d i g i t a l l y  c o r s  ' 
SEASAT imagery. 
u t i l i z i n g  t h e  hardware a r c h i t e c t u r e  of t h e  d i g i t a l  p roces ro r "  
c o n f i g u r a t i o n ,  shown i n  Figure 12, was designed both for e f f i c i e n c y  and 
economy 1171. The h o s t  computer i s  a Systems Engineering Laboratory 32/77 
which f e a t u r e s  very r a p i d  1/0 d a t a  t r a n s f e r s .  
F l o a t i n g  Po in t  Systems AP120b array p rocesso r s  and four  300 Mbyte d i s c s .  
image d a t a  i s  t r a n s f e r r e d  from d i s c  t o  t h e  array p rocesso r s  chrough t h e  
hos t .  
r e t u r n s  t h e  r e c t i f i e d  product t o  t h e  h o s t  t o  be merged and t r a n s f e r r e d  t o  
d i s c .  
6000 x 6000 p i x e l  frame which cove r s  a LOO x 100 km ground area i n  under 
30 minutes.  
be  ea s i ly  inco rpora t ed  i n t o  t h e  image product ion procedure. 
d 
..pleneni A prel iminary v e r s i o n  of t h i s  a lgo r i thm h a s  been 
This  l-ardware 
Attached t o  t h e  h o s t  are t h r e e  
The 
Each AP o p e r a t e s  s imultaneously on a s e p a r a t e  area of t h e  image and 
It i s  a n t i c i p a t e d  t h a t  w i th  proper  d e s i g n  t h i s  approach can  r e c t i f y  a 
This  approach is  compatible wi th  t h e  image p rocesso r  and could 
A p r e l i r h a r y  v e r s i o n  of t h i s  a lgo r i thm i s  cu r r* . : \ t l y  o p e r a t i n g  a t  JPL .  
It u t i l i z e s  a s i n g l e  AP and makes some s impl i fy ing  assumptlons i n  g e n e r a t i n g  
t h e  r e c t i f i c a t i o n  parameters.  
i s  80 minutes. The ou tpu t  has  been resampled t o  12.5 rn spac ing  i n  both t h e  
range and azimuth dimensions- 
The c u r r e n t  o p e r a t i n g  time f o r  a f u l l  frame 
As a resul t  of approximation, t h e  r e c t i f i e d  
product s t i l l  c o n t a i n s  some r e s i d u a l  skew.  
r e g i s t r a t i o n  error a c r o s s  a LOO-k-m frame. 
u s ing  a more exac t  ve r s ion  of t h e  a lgo r i thm i s  less than  50 m o r  about 
2 p i x e l s .  
Tests show approximately a 200 m 
The expected r e g i s t r a t i o n  e r r o r  
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Following completion and test of the rectification algorithm, studies 
are planned to investigate the feasibility of generating unsupervised image 
mosaics. 
passes will be examined. 
comon features as well as the mieregistration between geometrically 
corrected images from two adjacent passes. 
techniques are also being considered to locate suitable tie points. 
Imagery from parallel passes as well as ascending and descending 
Statistics will be campiled on the correlaticn of 
Automated feature detection 
Obviously much work remains to be done with regard to rectification and 
registration of SAR imagery. 
offers distinct advantages over optical imagery such as: 
processing, large inherent dynamic range and highly accurate pixel locatiou. 
The refinement of these techniques utilizing SEASAT SAR data will provide 
inaight into the design of future sensor systems to optimize the registration 
and rectification accuracy. 
It is clear that digitally correlated imagery 
reproducible 
i a i  
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Washington, D.C., pp. 561-548, June 1981. 
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F i g u r e  2 .  S l a n t  range  t o  ground r'inge n o n l i n e a r i t y  i n h e r e n t  
i n  a l l  s f d e  look ing  radai systems. Near range 
f e a t u r e s  arc. compressed re la t ive  t o  f a r  range  
f e a t u r e s  because  of c h m g e  i n  i n c i d e n c e  a n g l e ,  C.  
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Figure 6 .  Radar layover i s  a function ti€ the t erra in  
s lope  and the s h n t  range to the targe t .  Laynvcr 
occurs when the surface feature s lope  exceeds t h e  
look angle .  Signal scat tered from the top of 
f ea tures  1 ard 2 h i l l  be placed a t  a nearer cross- 
track p o s i t i o n  i n  the image than s igna l  s ca t tered  
from the bot  tm. 
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Figure  7 .  Range m i g r a t i o n  o f  t h e  ground t r a c k  r e s u l t i n g  f r o m  
e a r t h  r o t a t i i r n  d u r i n g  the imaging pe r iod  i s  shown 
i n  a .  
wiwrc V, i s  t h e  v e l o c i t y  of the e a r t h  and 
imaging time for  t h e  frame, The c r o s s  t r a c k  skew 
sliown i n  b is a p p l i e d  d u r i n g  t h e  image formation. 
The range skew d i s t a n c e  is given by d, = V,*.'.t 
is  t l i P  
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Figure 8. Plot of Doppler frequency a s  a funct ion of  
swath position and lat i tude .  Nominal va lues  
f o r  SEASAT SAR were assumed for spacecraft 
i n  descending mode, (Mu, 1981). 
193 
8 
- 8  c
- 3  c 
N 
I 
h e 
.I 
LL 
194 
a 
b 
Figuro 10. Effect of radar aspect angle on the apparent 
brightness of target.  Figure 1Ca was imaged 
during a descending mode and Sigure 10b during 
an ascending mode 
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SENSOR 
Figure 11. Specular point migrat icn resu l t s  whe1.i sensor images 
the same feature from two di f ferent  pos i t ions .  
Point of maximum return i s  dependent on target slope 
and miiy vary re la t ive  t o  other features within the 
fra  2. 
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Figure 12. Block diagram of  d i g i t a l  processing system at  
Jet  Propulsion Laboratory. Data is recorded 
on high density d i g i t a l  tape (HDDT) a t  the 
tracking s tat ion.  It  is  received a t  the 
processing f a c i l i t y  v ia  an opt ica l  l ink and 
recorded on disk for processing (Wu, 1981). 
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5.7 SPACECPltFT INDUCED ERROR SOURCES' 
H. Heuberger, GSFC 
(1OU - $2 > .  
I'm going t o  say a few words about spacecraf t  induced error scurces, bas i ca l ly  
a t t i t u d e  e r r o r s  on the  Landsat spacecraf t .  t h e  1, 2, 3 and D, and ephemeris 
errors f r o m  various t racking systems. 
F i r s t ,  I want t o  t a l k  about the  a t t i t u d e  cont ro l  sys tem and a t t i t u d e  measure- 
m e n t  s y s t e m  on Landsat-2 ( ac tua l ly  :, 2, and 3 a s  t h e y  a r e  bas i ca i ly  the  
sacie). Table I reviews the  kind of a t t i t u d e  information we bad t o  work w i t h  
on thcse three  spacecraf t .  The a t t i t u d e  cont ro l  system uses horizon scanners 
and gyros t o  solve for  p i tch  and r o l l  directly, and once those a r e  brought i n ,  
t he re  i s  a gyro i n  the  ro'l./yaw plane; knowing the  r o l l  and the  r a t e  from t h a t  
gyro, you can solve for  yaw and bring the  yaw e r r o r  i n .  
TABLE I 
Landsat-2 Att i tude Control and Feasurernent 
o A t t u t . d e  Control System (ACS) 
- Horizon scanners and gylas provide p i tch  and r o l l  ;mor sensing 
- Rate Measurement Package (RMP) i n  roll /yaw p lane  used t o  determine 
- Pointing Control = 0.1 deg 
- Pointing S t a b i l i t y  = 0.01 dcg/s 
yaw e r r o r  
o Att i tude Measurment Sensors (AMs) 
- I n d e p e n d e n t  of ACS 
- Horizon scanners fo re  and a f t  determine p i tch  and r o l l  
- Yaw assumed proportional t o  r o l l  
- Measurement accuracy = 0.1 .deg 
- Horizon scanners suscept ib le  t o  atmospkeric e f f e c t s  (e.g., cold 
clouds! 
The  spec i f ica t ion  on the  platform i s  d pointing control  of . lo  and s t a b i l i t y  
o f  .Ole per second. Noh on t h a t  spacecraf t  the measurement system or  what we 
ac tua l ly  know about the a t t i t u d e  i s  i n d e p e n d e n t  o f  the  cont ro l  system. We 
have infrared horizon scanners f o r  p i tch  and r o l l .  There's nothing though 
t h a t  gives  u s  the yaw e r r o r  so we a s a m e  i t ' s  proportional t o  r o l l .  Basically 
because of the way t h e  cont ro l  sys tem so lves  f o r  yaw, we have the same speci- 
f i ca t ion  there  of . lc. 
m a t  people a re  r e a l l y  seeing is  qui te  a "t worse because t h e  infrared hori-  
zon scanners a r e  suscept ib le  t o  cold clouds e t c .  Depending on who you l i s t e n  
t o ,  .5O is not unusual -- even possibly lo.  I 've  heard numbers l i k e  t h a t .  On 
the l a s t  s l i d e ,  I ' l l  t r a n s l a t e  a l l  these nunbers i n t o  what a9 image e r ro r  
wouid be from t h a t  t y p e  of a t t i t u d e  e r ro r .  
+ E d i t e d  o ra l  presentat ion.  
198 
Table I1 reviews the situation on Landsat-D. It is t he  same a s  the previom 
Landsats for  course acquisition and there's a f ine sun sensor t h a t ' s  used for  
t ransi t ion and the  noainal mode is s t a r  trackers and gyres. Star  trackers m d  
the  gyro infonuation are  f i l t e red  t o  update quaternians o i d  actually t h e  s t a r  
trackers a r e  used to update t h e  gyro d r i f t .  We have a mdch improved s y z t t -  
here, as  we have pointing accuracy advertised a s  .Ole and v e r y  good s t a b : l l t y .  
and fram talking t o  d i f fe ren t  people, t h a t ' s  t h e  specification and i t  sews t o  
be t h a t  it w i l l  be achievable. I n  fac t ,  we may do quite a b i t  better theti 
tha t  by  a factor of 2 or  something. ckr Landsat-D, t h e  a t t i t u d e  measuruaer4xi 
cane kan the control system Kalman f i l t e r  and the DRIRU.  
TABU I1 
Landsat-D Attitude Control and Measurement 
o 
o Fine sun Sensor used for  t ransi t ion t o  f i n e  acquisition 
o 
o Pointing accuracty = .01 deg 
o 
o A t t i t u d e  measurements fram control system Kalman fi l ter  and D R I R U  
Same a s  Landsat-2 for  coarse acquisition 
2 s t a r  trackers and 6 gyros (3-axis redundant) used t o  update quaternians 
Pointing s t a b i l i t y  = 10-6 deg/s  
- Quaternians e v e r y  4.096 s - Gyro measurements eve ry  64 m s  
Table I I Ia  reviews the ephemeris. I ' m  not contrasting Landsat 1, 2, and 3 
against D because basically they're t h e  same c lass  of spacecraft. It depends 
on h a t  type of data you have t o  work w i t h  for  ephemeris error .  Now some of 
these nmbers you've already seen fran t h e  GE people, i n  f a c t  some of these 
number< come of f  GE's sl ides .  The a l t i tude  variation is due t o  earth oblate- 
ness and variations i n  eccentr ic i ty  e tc .  Along-track variation is not by  it- 
se l f  too important because the spacecrar't is basically following t h e  same 
groUrrd path. Dr. Rakash said four kilaneters cross-track; I got 5 kilaneters  
fran the people who are  responsible for t h e  o rb i t  control.  m a t ' s  probably 
the most important nunber there. If Mr. Billingsl; was talking about r e l i e f  
displacement, t h a t ' s  the k ind  of nunber we would be looking a t  for r e l i e f  d i s -  
placement, i f  you were 5 kiluneters  off  on your look angle there. 
With conventional processing , ana operaticnal processing of the Coddard net- 
work and standard n e t m r k ,  we generally :an get  around 100 meters i n  ephemeris 
error .  lhis is def in i t ive ,  a s  you g o t  24 ho*yrs of data and do a l e a s t  squares 
f i t  to  crbi t  or Coppler data and do a batch f i t  o r  sequential f i l t e r .  You can 
characterize errors  pretty re i iably and usually find 100 meters or  bet ter .  
O r b i t  predicts ( a  second method) generally represent what is cplinked to the 
spacecraft. 'hey claim these are 2-day predicts: 1 would t h i n k  they would be 
more l i k e  1-day predict  nmbers. Five-hundred meters a f t e r  2 days is doing 
p r e t t y  good; I would s a y  1 day or somewhere i n  there. A l l  of these nmbers 
are  1-sigma embers and it depends on who you t a l k  t o  and what your assump 
tions are. 
Table IIIb looks a t  tracking systems of  the future. On Landsat D. u s i n g  T D R S  
data and frm simulations and error analysis, ue f i n d  out we can do about the 
same tha t  we do now-processing 24 hours of TDRSS data may ge t  you 90 meters, 
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TABLE IIIa 
Landsat-D Orbi t  V a r i a t i o n s  and Ephemeris  Accuracy 
0 V a r i a t i o n s  from nominal - A l t i t u d e  (705.3 kin nominal) - 696 t o  741 km o v e r  earth - 19 km v a r i a t i o n  o v e r  fixed latitude 
- Along track: - + 95 km 
Cross t r a c k :  + 5 km a t  equa to .  
I n c l i z a t i o n :  98.21 - + .045 deg 
- - - 
0 Convent iona l  P rocess ing  Ephemeris Error (GSTDN Data) 
0persLlc:r -;: 
P o s t  P r o c e s s i n g  O r b i t  Predicts 
Along track 
Cross track 
R a d i a l  
RSS 
100 m 500 ffi 
30 100 
20 35 
105 510 
you migh t  do s l i g h t l y  better g e n e r a l l y ,  b u t  i t ' s  abou t  t h e  same measures  a s  
u s ing  t h e  ground t r a c k i n g .  The r e a l l y  good news i .9  t h e  GPS, t h e  Global Posi- 
t i o n i n g  System, which is a system of DOD sa t e l l i t e s  and n a v i g a t i o n a l  d e v e l o p  
ment sa te l l i t es ,  which w i l l  s i g n i f i c a n t l y  r e d u c e  ephemer is  errors. As a re- 
s u l t ,  t h e  combined att i tude and ephemer is  errors, as shown :n Tab le  IV, are 
expected t o  e x p e r i e n c e  better t h a n  an  order of magni tude  improvement o v e r  t h e  
p r e v i o u s  Landsa ts .  
TABLZ I I I b  
- LandS8t-D Ephemeris Accurany (cont.) 
o Ephemeris Error w i t h  TDRSS 
D e f i n i t i v e  O r b i t s  
Along t rack  
Cross t rack 
Radia l  
RSS 
80 m 
30 
25 
90 
o Ephemeris Error w i t h  GPS 
4 nds .  Inview Poor V i s i b i l i t y  
Along t r a c k  
Cross t r a c k  
Rad i a1  
RSS 
10 m 
6 
4 
12 
50 m 
25 
20 
60 
2 00 
TABLE IV 
Distortion 
Source 
ATTITUDE 
Pitch 
Roll 
Yaw 
E PHEn ERIS 
Along Track 
Cross Track 
Rad i a1 
RSS 
Attitude/Ephemeris Scene Distortions 
Along/Cross-Track Error ( E T )  
Landsat-2 AHS 
CSTDN Tracking 
1570/- - /?585 
160 / - 
100 / - 
- / 30 
- 1 3  
100 30 
Landsat-D ACS 
GPS 
1231- - 1125 
124 1 125 
10 / - 
- / 6  
- / -  
10 / 6 
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5.8 $ NAVSTARIGLOBAL POSITIONING SYSTEM* 
M. Ananda, Ihe Aerospace Corporation 
3 0 
The Global Posit ioning System (GPS) has been developed t o  provice highly pre- 
cise pos i t ion ,  velocity,  and time information t o  use r s  anyuhere i n  t h e  neigh- 
borhood of  e a r t h  and a t  a n y  time. The GPS, when f u l l y  opera t iona l ,  w i l l  con- 
sist of 18 sa te l l i t es  i n  s i x  o r b i t a l  planes. These d a t e l l i t e s  w i l l  be a t  
about 20,000 km a l t i t u d e  with a 12-h period and t h e  o r b i t s  w i l l  be incl ined t o  
So. The s a t e l l i t e s  w i l l  t ransmit  L, ( 1 5 7 5 . 4 2 4 ~ z )  and L ( 1 2 2 7 . 6 4 ~ 2 )  sig- 
na ls .  Navigation information such a s  the  emphemeris o f  $he s a t e l l i t e s  and 
s a t e l l i t e  clock model parameters and the  system data  a r e  superimposed on these  
rad io  s ignqls .  Any GPS user, by receiving and processing t h e  rad io  s igna l s  
from the  cons t e l l a t ion  can instantaneously determine navigation information 
(pos i t i on  and ve loc i ty  parameters) t o  an accuracy of  about 15 m i n  pos i t ion  
and 0.1 m/s i n  veloci ty .  T. i s  rad io  navigation system is primari ly  developed 
f o r  u t i l i z a t i o n  by t h e  Department of  Defense. However, there exists a broad 
spectrum of c i v i l  u se r s  who would bene f i t  from t h i s  system. 
Ihe GPS system has th ree  separa te  segments. One is  the space segment, which 
is t'le s a t e l l i t e  i t s e l f ,  t h e n  what we c a l l  a cont ro l  segment, which i s  respon- 
s i b l e  f o r  providing t h e  information t o  t h e  s a t e l l i t e ,  atid t h e  t h i r d  is the  
user segment. The user segment includes individual  user MANPAC or automo- 
b i l e s ,  t rucks ,  s h i p s ,  a i r c r a f t s ,  and s a t e l l i t e s .  With regard t o  program h i s -  
t o r y ,  o r i g i n a l l y  t : -e  Navy was responsible  f o r  i n i t i a t i n g  a navigation sys tem,  
t h e  TRANSIT program-and it i s  s t i l l  operat ional  now. Il.ley have f i v e  sa t e l -  
l i t e s  and the  accuracy is reasonable.  The GPS mission program was a prel imi-  
nary study which t h e  Navy or iginated and 621-B was a progran t h e  Air Force 
i n i t i a t e d ;  t h e y  were subsequently combined and bocame t h e  Global Posit ioning 
System. During the  progran evolution there a r e  Lnree phases: ( 1 )  the  concept 
va l ida t ion  phase , ( 2 )  t h e  fu l l - sca le  engineering development and t e s t i n g  (pre-  
s e n t  phase),  and ( 3 )  f u l l  operation capabi l i ty .  In  Phase I de had four sa t e l -  
l i t e s  and two planes;  i n  Phase I1 we have 6 s a t e l l i t e s :  however, one of  the  
s a t e l l i t e s  i s  not  functioning properly because of t h e  on-board clock. It is 
not  giving the accuracy we need.  I n  Phase I11 we w i l l  eventual ly  have 18 sa t -  
e l l i t es  and t h i s  w i l l  be a d i f f e r e n t  s a t e l l i t e  than what we have now. 
Let's b r i e f l y  look a t  t h e  space segment. Once we have 18 s a t e l l i t e s ,  each 
s a t e l l i t e  w i l l  be i n  a 12-hour period a t  20,000 m a l t i t u d e .  (Figure 1 ) .  Cur- 
trer,!ely good even though t h e  design spec i f i ca t ions  show only 2: lO-'3. We have 
two  L-band frequency s i g n a l s ,  L-1 and L-2, a t  1 .2  CHz and 1.5 CHz,  and we a l so  
have an L-3 b u t  t h a t ' s  not a user oriented band, i t  is used  f o r  a spec i f i c  
purpose. We may use t h a t  L-3 which is a cross- l ink capab i l i t y  from one s a t e l -  
l i t e  t o  another s a t e l l i t e .  
rent clock accuracy i s  about l:lO"3 t o  5:lO' n . Clock performance i s  ex- 
Now t h e  concept o f  ge t t i ng  navigation information from t h e  CPS s a t e l l i t e s .  
The s a t e l l i t e s  w i l l  provide s igna l s  fran which you can,  i f  you have a receiv- 
e r ,  ge t  range in fomat ion  and simultaneously i f  you can g e t  f u l l  rsnge infor-  
mation properly d i s t r ibu ted  i n  the s k y ,  you can determine your own posi t ion 
and the b i a s  i n  your clock. I f  your clock i s  not a s  precise  as the  s a t e l l i t e  
c lock ,  you can determine instantaneously our precis ion p l u s  t he  timing b ias .  
'Edited o r a l  presentat ion.  
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If you have the range r a t e  infomation i n  addition t o  the range infomation 
you can also determine the velocity i f  you are  a user. The accuracy we are 
currently broadcasting (Figure 2) we would get  is 15 meters of spherical d i s -  
t r i b u t e d  error for a l l  these types of users, whether a HANPAC, an automobile, 
s h i p ,  a i r c r a f t  or Shut t le .  men you deviate from 800-1,000 km a l t i t u d e ,  l i k e  
Landsat, your accuracy w i l l  b e  improved because of some of the e r rors  a re  as- 
sociated with atmospheric modeling. 
I n  comparison of navigation sys t ems  (Figure 31 ,  the CPS is  a navigation sys tem 
purely based upon radianetric measurements. There are  a quite a large nunber 
of navigation systems i n  existence. Currently, LORAN-C, OMEGA, INS, TACAN, 
TRANSIT-these are  a l l  radio based navigation systems. Ihe TRANSIT is probab- 
l y  closer to  CPS because it has a global capability: however, the accuracy d e -  
grades i n  between orb i t s .  CPS provides the sane accuracy globally everywhere 
anytime. That's the key point. Trt other systems the e r rors  are  f a i r l y  large 
and obviously there is a l o t  of l o s t  infomation you will not recei..-e, CPS is 
a very simple concept and versa t i le ,  and obviously, a v e r y  expensive sys tem 
also. For user equipment ,  as I said e a r l i e r ,  you need t o  have four s a t e l l i t e s  
simultaneously visible.  Simultaneous i n  the sense that  you don't need t o  have 
a four-channel receiver i n  order t o  do it;  you can do i t  sequentially. How- 
ever, the four s a t e l l i t e s  have t o  b e  available t o  the user and the constella- 
tion is designed t o  be able t o  achieve a t  l e a s t  four s a t e l l i t e s  a t  any given 
time, anywhere near the earth.  
The performance of the user system depends upon several t h i n g s  (Figure 4). 
The vehicle enviroriment -- of concern i n  particular t o  defense related prob- 
lems and constellation geanetry - is  very  geometry dependent and dependent on 
the dynanics of t h e  vehicle and the way t h e  ionosphere and troposphere are 
modeled. The ionosphere can >e monitored bet ter  i f  you have a two-channel re- 
ceiver because you have two frequencies going i n  and separated i n  frequencies 
so we can cal ibrate  real  time. For a s i n g l e  receiver, we have provision i n  
t h e  Ravigation message which w i l l  provide some k i n d  of table  for modeling t h e  
ionospheric effects .  It may not be very accurate, b u t  suf f ic ien t  for  t h a t  
type of user. 
3eviewing t h e  e r o r  budget (Figure 21, t rue navigation error is a product o f  
what we c a l l  CEODOFF, tha t  is, geometry d e l u s i o n  of precision. If you r n u l t i -  
F l y  t h e  CECWFF times the user equivalent range error component you get the 
navigation e r ror .  The GEODOFF data varies from one place t o  another place and 
the best CEODOFF is 2 or 2.2. Sa i f  the s a t e l l i t e  dependent range error is 
mul t ip l ie !d  by 2.2, it would give you around 15-meter accuracy, which is the 
t o t a l  of the variou:. error  sources. The s a t e l i t e  clock i s  m i n u s  13 over a 
24-hour period and we update once i n  10-hours. Each clock w i l l  have a differ-  
ent elapsed time because the u ate time w i l l  be different  for  each s a t e l l i t e .  
h single s a t e l l i t e  w i l l  be v pd s i b l e  once or twice a day from a given ground 
control s ta t ion.  Another interest ing element i s  tha t  i f  you use CIPS i n  a rel-  
a t ive mode for a re la t ive  navigation, a l l  these errors tend t o  cancel out. So 
the only error you w i l l  be l e f t  w i t h  i s  a user related error of approximtitely 
2 meters. Most of the c iv i l ian  t y p e s  of purposes can be used in a r e l s t i v e  
mode depending on uhat your particular application is. For that  reason, we 
have what we c a l l  for security purposes se:ecti#e ava i lab i l i ty ,  so we cannot 
guarantee a n y  user the real  accuracy the system would provide. However, t h e  
degraded accuracy would be available t o  everyone. We don't  know what the de- 
graded accuracy is or whether i t  w i l l  be opted: those decisions are t o  be made 
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at a much higher level ,  but we have the a b i l i t y  to introduce whatever error we 
want. However, that will not affect  a user using a relative mode. 
6 
USERS NAVIGATE IN .RELATIVE 
COOROINATES USING TH! ' N O R M  
THREE S AM S ATELU TES 
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Figure 1. Re la t ive  Navigat ion 
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6.0 PRESENTATIONS ON GROUND SEGMENT ERRORS 
6.1 SUMMARY 
The pos i t ion  papers on ground segment e r r o r s  reviewed t h e  underlying theory 
f o r  e s s e n t i a l  elements i n  t he  r e c t i f i c a t i o n  p r - ? s s  and a l s o  reviewed posi- 
t i o n a l  accuracy standards.  Geodetic cont ro l  can be character ize0 a s  we?! es- 
tabl ished i n  developed count r ies  b u t  having somewhat more poorly developed 
networks i n  many o ther  p a r t s  of  t he  world. Furthermore, it is f requent ly  d i f -  
f i c u l t  t o  ob ta in  geodetic information i n  many count r ies  a s  i t  is considered of 
s t r a t e g i c  value and each country has  a d i f f e r e n t  datur: upon which it  bases i t s  
horizontal  cont ro l .  A s  a result, r e c t i f y i n g  spacecraf t  t o  a p a r t i c u l a r  map 
project ion w i t h i n  map accui.acy s tandards must  be considered on a case-by-case 
b a s i s  f o r  most a r eas  of  t h e  world. 
-
National Map Accuracy Standards (NMAS) apply t.o both horizontal  and v e r t i c a l  
pos i t ion  e r r o r .  A fundamental r e l a t ionsh ip  between s p a t i a l  reso lu t ion ,  x-y 
pos i t iona l  errwr,  and v e r t i c a l  e leva t ion  e r r o r  po in ts  out  t h a t  v e r t i c a l  reso- 
l u t i o n  capab i l i t y  i s  twice t h e  nomina?. s p a t i a l  resolut ion f o r  a s tereographic  
pa i r  of images. ?IUS, a 5-meter IFOV reso lu t ion  system could provide 10-meter 
e leva t ion  contour i n t e r v a l  data .  This f a c t  combined w i t h  na t iona l  map accura- 
cy c r i t e r i a  would ind ica t e  ';hat a 15-meter reso lu t ion  system could achieve 
1:50,90, NMAS planimet r ica l ly  b u t  only 1:250,000 NMAS f o r  topographic mapping. 
The review of map pro jec t ions  i l l u s t r a t e d  s a l i e n t  points.  F i r s t ,  a l l  projec- 
t i ons  d i s t o r t  t h e  r e a l  condition extan: on the  spher ica l  ea r th  i n  some way. 
A s  a result ,  each map m u s t  compromise s i z e ,  shape, o r  area.  Pie smaller the  
scale. i .e. ,  t h e  l a r g e r  the  ,.gSon being displayed on a map, the  more apparent 
these  d i s t o r t i o n s  become. Most maps i n  use tcday a r t  bssed on l i n e s  of longi- 
t u d e ,  or  meridians, and therefore  a r e  c r ien ted  north/south and east, 'west. The 
Space Oblique Mercator project ion i n  use w i t h  Landsat MSS data  is based upon 
the nadir  t rack  o f  t h e  spacecraf t ,  a convention which eases  computational con- 
s idera t ions .  However, because of t h e  nadi r  t r acks '  continuous positions; 
changes w i t h  each overpass, t h i s  project ion undergoes continuous vbr ia t ion ,  
r e s u l t i n g  i n  its not being adopted by t h e  major i ty  of t he  map-base or iented 
users.  
2.07 
6.2 GEODETIC CONTROL,* OF POOR QilAUW 
Ceodetic C o n t r o l  n e t s  a r e  b u i l t  o v e r  t h e  d e p e n d i n g  o n  t h e  r e s o u r c e s  a v a i l -  
able. In  t h e  U.S. t h e  s i t u a t i o n  a r o u n a  1900 looked l i k e  F i g u r e  1. Yoc had a 
t r a n s l a t i o n  scheme along the east m a s t ,  y o u  had some a c t i v i t y  a r o u n d  t h e  
g r e a t  l s k e s ,  and t h e  major a c c s m p l i s t m e n t  of 25 t o  30 y e a r s  was t h e  Transcon-  
t i n e n t a l  Arch of T r i a n g u l a t i o n .  So t h a t  was t h e  first * h e  when p e o p l e  e v e n  
knew how far  it was f r m  o n e  coast t o  the  o t h e r  one .  dy 1931 ( F i g u r e  2 ) .  t h e  
s i t u a t i o n  had changed to a rather n i c e l y  d e v e l o p e d  p a t t e r n  with the  arch of 
t r i a n g u l a t i o n  g o i n g  Nor th ,  S o u t h ,  E a s t ,  and West. You see i n  F ig ,  - 2 ex- 
t r e m e l y  l a r g e  triangles, and t h e  basic p r i o c i p l e  of t r i a n g u l a t i o n  o b  r v a t i o r t s  
is t h a t  o n e  m e a s u r e s  t h e  a n g l e s  i n  a t r i a n g l e  and occasionally one LeLsures a 
a i s t a n c e  be tween two p o i n t s ,  a side of a t r i a n g l e .  By t h a t  you c a n  c m p u t e  
t h e  c o o r d i n a t e s  and r e s o l v e  a l l  t h e  unknmms i n  t h e  t r i a n g l e  and g e t  coordi- 
n a t e s .  If yo2 h a v e  a s t a r t . i n g  v a l u e ,  you  c a n  b u i l d  upon t h a t  a s  you go a l o n g .  
The a c c u r a c i e s  t hz t  a re  i n v o l v e d  depend v e r y  much o n  how f r e q u e n t l y  you u p d a t e  
your  d i s t a n c e ,  b e c a u s e  t h a t  is t h e  most d e g r a d i n g  effect. Ey 1946 t h e  s i t u a -  
t i o n  i n  North America l o o k e d  l i - k e  F i g u r e  3: a h i g h l y  d e v e l o p e d  s y s t e m  ir! t h e  
c o n t e r m i n o u s  -dnited S ta tes  w i t h  h a r d l y  a n y t h i n g  i n  Canada,  some a t t e m p t s  t. do 
sometn ing  i n  Alaska ,  and  a d e v e l o p m e n t  i n  Hexico b y  v i r t u e  of t h e  I n t e r -  
American Geodetic S u r v e y .  By I946 t h e  Pmber of p o i n t s  reached o v e r  a 100000 
i n  t h e  U.S. The s i t u a t i o n  a s  i t  s t a n d s  t o d a y ,  looks l i k e  F i g u r e  4.  I n  t h e  
c o n t e r m i n o u s  U.S. it has grown t o  a n  i n v w t o r y  o f  a b o u t  250,000 p o i n t s .  
Canada has a l so  made p r o g r e s s ;  t h e r e  is s i g n i f i c a n t  p r o g r e s s  i n  A 1  s k b ,  and 
o n e  s h o u l d  e x p e c t  much more i n  Alaska  w i t h  t h e  c u r r e n t  d e v e l o p m e n t s  i n  e n e r g y .  
The c o n t r o l  n e t  h a s  been  pushed a l l  t h e  way t h r o u g h  t h e  C e n t r a l  A r e r i c a n  
R e p u b l i c s  i n t o  t h e  n o r t h e r n  part of S o u t h  America w i t h  a l l  of t h e  c o n n e c t i o n s  
t o  t lsncis .  
"he i n s t r u m e n t s  t h a t  are used t o  b u i l d  a h p r i z o n t a l  n e t w o r k  h a v e  b e e n  p r i m a r i -  
- y  t h e  t h e d o l i t e s  and t h e y  are  c o n s i d e r e d  p a r t  of t h e  c l a s s i ca l  a r s e n a l  o f  
i n s t r u m e n t a t i o n .  We c a n  m e a s u r e  d i r e c t i o n s  w i t h  t h e  theodol i tes  t o  a s t a n d a r d  
errcr cf a b o u t  6 / 1 G  of a s e c o n d .  We now h a v e  e l e c t r o n i c  d i s t a n c e  m e a s u r i n g  
i n s t r u n e n t s  which c a n  m e a s u r e  d i s t a n c e s  most a c c u r a t e l y  t o  1 p a r t  i n  a m i l l i o n  
of t h e  d i s t a n c e .  We make s a t e l l i t e  d o p p l e r  o b s e r v a t i o n s  which g i v e  us p o i n t  
p o s i t i o n s  w i t h  a c c u r a c i e s  o f  s t a n d a r d  d e v i a t i o n s  o f  leve:  of less t h a n  1 
meter. In  r e c e n t  y e a r s ,  i n e r t i a l  s u r v e y  s y s t e m s  h a v e  been  d e v e l o p e d  and t h e y  
a r e  p r i m a r i l y  used for i d e n t i f i c a t i o n  purposes .  F o r  t h e  f u t u r e ,  there  w i l l  be 
Global P o s i t i o n i n g  Satel l i tes ,  b u t  i n  o u r  c o n c e p t  i t  w i l l  cane down t o  s t a n d -  
a rd  d e v i a t i o n s  be tween 2 and 4 c e n t i m e t e r s .  That is t h e  d i f f e r e n c e  from t h e  
15-meter and 6 - m e t e r  d e v i a t i o n s  ment ioned  b e f o r e .  The p o i n t  i s  ve h a v e  more 
time, r e  d o n ' t  need i t  i n s t a n t a n e o u s l y .  We cari sit there a t  t h e  s t a t i m  for a 
n m b e r  of h o u r s  and t h a t  w i l l  improve t h e  a c c u r a c y .  F u r t h e r m o r e ,  we w i l l  u s e  
GPS o n l y  i n  a r e l a t i v e  mode b e c a u s e  we h a v e  200,000 p o i n t s  a l r e a d y .  We c a n  
p u t  o n e  r e c e i v e r  a t  a known p o i n t ,  and t h e n  r e l a t i v e l y  p o s i t i o n  a n y  o t h e r  
p o i n t  w i t h i n  200 km *an t h e  f i r s t  p o i n t ,  t o  t h i s  k i n d  of a c c u r a c y .  
P8e r e l a t i v e  and a b s o l u t e  a c c u r a c i e s  o f  t h e  U.S. h o r i z o n t a l  n e t w o r k  a r e  shown 
i n  F i g u r e  5 .  We d i s t i n g u i s h  be tween s e v e r a l  orders o f  a c c u r a c y .  n?e first 
order is t h e  most p r e c i s e  o n e ,  i t  h a s  d i r e c t  a c c u r a c y  of 1 i n  a 100,000 and 
*Edi ted  ora l  p r e s e n t a t i o n .  
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t h e  others j u s t  decrease t o  1 i n  5,000. Uhnt is more interest ing possibly f o r  
t h i s  audience is the absolute accuracy of t h e  U.S. n e t w r k  which is on t h e  
North American datum of 192'7. The accuracy i n  t h e  absolute sense is about 15 
meters, and that  i s  due t o  the existing dis tor t ions i n  the network. We arc  
actively working now on a project tha t  w i l l  give the Narth American Datum i n  
1983, where a i l  positions w i l l  be known t o  about 1/2 meter. That 1/2 meter 
re fers  t o  t h e  csrrt; we contemplate JI-lst 4-5 centimeters pr€?CiSiCm far some of 
the best  points i n  the network. 
For the U.S. network on the 1927 datu", a l l  points are  related t o  a mathernati- 
cal surface which is an el l ipsoid Flaced i n  space many many years ago, i n  such 
a way that  there is an of fse t  w i t h  respect t o  the Geocenter of 22 meters i n  x ,  
157 meters i n  y ,  176 meters i n  z. These nillabers are  not t o  be  looked a t  a s  
errors ,  but they a r e  very  well known nunbers. S t i l l ,  we w i l l  move the mathe- 
matical surface from one point t o  another point because when t h i s  was done 
or iginal ly  no one knew where t h e  ear th ' s  geocenter was. But today because of 
s a t e l l i t e s  i t  is very easy t o  determine where the Geocenter is. The most s ig-  
n i f i - a n t  datum defined by the Defense Departme& was the world generic system 
of 1972. We know these nunbers t h a t  r e l a t e  t o  the U.S. datum, b u t  we also 
k m w  these numbers f c r  the other datums. F i g u r e  6 gives an example of t h e  ma- 
jor datums In the world and what these s h i f t s  t o  the Geocenter are,  b u t  you 
see tha t  these numbers vary depending on how these datum were defined t o  begin 
w i t h .  The t h i n g  tha t  needs t o  be remanbered is t h a t  one cannot apply one 
philosophy t o  a l l  datums and assume t h a t  t h e y  a r e  a l l  consistent i n  the same 
cowdinate s y s t e m .  Each of them is a separate coordinate system, and i n  order 
t o  make one earth coordinate we have t o  take a l l  of these datums and s h i f t  
them to one common place. and the most Logical common place today i s  the geo- 
center. International meetings have agreed tha t  the geocenter makes sense. 
The International Association of geodesy has defined t h e  geodetic reference 
system of 1980 as a geocentric system. 
The avai labi l i ty  of geodetic information w i t h i n  the U.S. is the responsibil i ty 
,I' the National Geodetic Survey and the information is freely available i n  
t h i s  comtry.  R a t  is riot t h e  case i n  general. Other countries have loaked 
a t  geodetic a c t i v i t i e s  v e r y  much i n  terms of t h e i r  mili tary establishment. As 
a consequence the information is generally unavailable because these coilntries 
c lass i fy  the information. However, there are  old publications that  you can 
find that  show w h a t  these datums look l ike ,  and give you some idea of what the 
accuracy is. mere are  international u n i t s  of measure i n  geophysics national 
reports +hat one can consult, and one can read between the l ines  and see for 
exampie t-he Peoples Bepeb!ic of China has a network t h a t  i s  similar to  ours i n  
terms of  accuracy or you can obtain i t  from the geodetic organizations that  
are  inclined to make that information available. For- the accuracies that  we 
can estimate re la t ive between two points, the worst that  you can f i n d  i s  1 i n  
5,000. That is  due to the instrumental errors because you are  dealing w i t h  an 
accuracy only frm one point t o  another 2-3 miles away. However. when you 
look at, these i n  teams of an absolute reference (where is t h i s  vis-a-vis the 
geocenter?) then of ccurse you can have errors  as h i g h  200 meters. Some o f  
the d a t u m s  i n  other conLinents a re  much wesker in terms c?f the way they were 
constructed. and the instrumeatation that  was used, so you may very well get  
t o  that  number. 
In general, i f  one gets zone coordinates, e i ther  la t i tude  or longitude or some 
other t y p e s  of coordinate systm derived from la t i tude  and longitude any place 
on t h e  E a r t h ,  one c a n n o t  immediate  assume t h a t  t k a t ' s  p a r t  of t h e  s a n e  coor- 
d i n a t e  s y s t e m  t h a t  we h a v e  i n  t h e  U.S. The Doppler  S u r v e y  System t o d a y  is a l -  
l o w i n g  us t o  make exact d e t e r m i n a t i o n  of what  t h e s e  c h a n g e s  and  what  t h e  er- 
rors a c t u a l l y  are. An example  of t h i s  problem is t h e  ' J n i v e r s a l  T r a n s t e r s e  
M e r c a t x  p r o j e c t i o n .  The UTH c o o r d i n a t e  s y s t e m  is a way t o  r e p r e s e n t  coordi- 
n a t e s  i f  you d o n ' t  want  t o  d e a l  w i t h  la t i tudes and l o n g i t u d e s .  b s i c a l l y  t h e  
system d i v i d e s  t h e  E a r t h  u p  i n t o  s i x t y  z o n e s  and t h e  c e n t e r  m e r i d i a n  for Zone 
1 is  a t  l o n g i t u d e  1800 east .  The scale a l o n g  t h e  c e n t r a l  m e r i d i a n  a s s u m e s  a 
fa lse  e a s t i n g  of 500,000. Now what 's  i m p o r t a n t  is t h a t  t h i s  is n o t  a u n i v e r -  
s a l  t r a n s v e r s e  Nercntcr  i r i  29 a b s o l u t e  setise. Its u n i v e r s a l  w i t h i n  a p a r t i c u -  
l a r  datum. It s h o u l d  be p o s s i b l e  t o  i m p u t e ,  i f  you know t h e  i n f o r m a t i o n  
world-wide, a l l  y o u r  c o o r d i n a t e s  and p u t  a l l  them i n t o  o n e  datum, a Ceoscent -  
r i c  Datum and t h e n  you c a n  t r a n s f o r m  a l l  these p o i n t s  a g i v e n  p r o j e c t i o n .  
Then you h a v e  i n d e e d  a universa!.  o r o j e c t i o n .  A l l  of t h i s  is d o n e  by t h e  m i l i -  
t a r y ,  b u t  I d o n ' t  know of a n  i n v e n t o r y  of c o o r d i n a t e s  world-uide t h a t  is con-  
s i s t e n t  from a l l  these p o i n t s  o f  v i e u .  The problem is n o t  o n l y  i n  t h e  p o s i -  
t i o n  of  t h e  m a t h e m a t i c a l  s u r f a c e s ,  b u t  a l so  t h e  s i z e  and s h a p e .  When you 
b r i n g  i n  t h e  s ize  and s h a p e ,  t h e  semimajor a x i s  of  t h e  r e f e r e n c e  e l i p s o i d  and 
t h e  f l a t t e n i n g ,  you g e t  j u s t  as many c o m b i n a t i o n s  o f  da tums:  there  a r e  hun- 
d reds  of d a t u m s  v c r l d - w i d e  each o f  which look a t  t h e  problein from t h e i r  o m  
p o i n t  of view.  B a s i c a l l y ,  t h e  cha rac t e r i s t i c  of  g e o d e t i c  c o n t r o l  is t h a t  i t  
is i n  direct  p r o p o r t i o n  t o  t h e  t e c h n o l o g i c a l  d e v e l o p m e n t  o f  t h e  c o u n t r i e s  i n -  
v o l v e d  [1,21. Warld-wide you f i n d  good c o v e r a g e  i n  terms of geodet ic  control 
i n  t h e  U.S., i n  w e s t e r n  Europe ,  and i n  J a p a n .  You f i n d  less t h a n  f u l l  cover- 
a g e  e v e n  i n  t h e  Soviet Union and S o u t h  America, and Asia and so f o r t h  i n  o ther  
large areas. 
References: 
1 .  NASA, Directory of Observation Station Locations, GSFC, Greenbelt, HD. 
2. NAD Symposium, Proceedings. The Caiiadian Surveyor, vol .  28, No. 5 ,  1974. 
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6.3 MAP ACCURACY REQUIREMENTS: THE CARTOGRAPHIC POTENTIAL OF SATELLITE IMAGE 
R. Welch, U n i v e r s i t y  o f  Georgia 
A DATA* 0 
The t o p i c  of t h i s  p resen ta t i on  i s  map accuracy requirements. 
t o  r e l a t e  map accuracy requirements t o  t h e  ca r tog raph ic  p o t e n t i a l  o f  satf-11 i t e  
image data.  The o b j e c t i v e s  a r e  t o  c o n s i d e r , f i r s t ,  i f  r e s o l u t i o n  w i l l  be adequate 
f o r  t h e  i d e n t i f i c a t i o n  of c o n t r o l  and fo r  t he  comp i la t i on  o f  map products.  Then, 
second, t o  def ine map accuracy standards and t o  determine t h e  po ten t fa1  f o r  meet- 
i n g  these standards w i t h  image data f rom t h e  f i l m  camera, scanner and l i n e a r  
a r r a y  systems o f  t h e  1980s. 
I am going t o  t r y  
Cartographic prodacts f a l l  i n t o  a v a r i e t y  o f  c lasses. We have topographic maps 
t h a t  a r e  concerned w i t h  p l a n i m e t r i c  in format ion and e l e v a t i o n s  o r  he ights .  We 
have thematic maps, which might  be used f o r  geology.  vegetat ion,  water, o r  t o  
d i s p l a y  these subjects .  We have d i g i t a l  e l e v a t i o n  maps t h a t  would be produced 
from d i g i t a l  t e r r a i n  data, and f i n a l l y  we have image maps. 
app l i ca t i ons ,  we've d e a l t  p r i m a r i l y  w i t h  themat ic maps and w i t h  image maps, 2nd 
i n  the  f u t u r e  we would l i k e  t o  be a b l e  t o  develop some d i g i t a l  t e r r a i n  models 
and topographic map prodLcts. 
I n  terms o f  s a t e l l i t e  
Table 1 
EARTH SATELLITE PROGRAMS--1 980s 
SATELLITE SENSOR I FOV SWATH 
Shutt le/Spacelab (1982) F i l m  Cameras (LFC, MC) 5m* 225 km 
Landsat-D (1 982) Mec hani  ca 1 Scanner 
('TM) 30 185 
SPOT (1984) L ine  Array (HRi')** 20 60 
Stereosat ( ? )  L ine  Array** 15 61 
Mapsat ( ? )  L i n e  Array** 10 -3 j  185 
*Equivalent I F O V  
**stereo 
MOS (1985) L ine  Array (MESSR) 50 200 
-- 
kit !  w u l d  l i k e  t o  be a b l e  t o  develop an a r r a y  o f  p o i n t s  f o r  which we know 
the X ,  Y ,  and Z coord inates and then i n t e r p o l a t e  from these p o i n t s  the contours 
o r  t he  e l e i 6 t i o n s .  
p o l a t e  may be a problem here. 
s i dered . 
I might  p o i n t  o u t  t h a t  t he  accuracy w i t h  which we i n t e r -  
I n  add i t i on ,  sensor r e s o l u t i o n  must be con- 
Table 1 surmclarizes the  t e r r a i n  imaging s a t e l l i t e  programs f o r  the 1980s. 
i s  impor tant  t o  note t h e  Shutt le/Spacelab f i l m  cameras. 
have an equ iva len t  IFOV o f  about 5 m and represent  t, 2 base l i ne  aga ins t  which 
the o the r  sensor systems w i l l  have t o  be compared. 
I t  
These f i l m  cameras 
- - _- 
*Edi ted ora 1 presentat ion.  
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The conventional 1 :250,000 scale map contains contours and considerable p l a n i -  
m e t r i c  d e t a i l .  
and the vegetat ion pat terns.  This  i s  t y p i c a l  of a 1:250,000 scale map product. 
Now, I'll t a l k  about we l l -de f ined po in ts .  Ey wel l -def ined p o i n t s  I mean t h e  
i n t e r s e c t i o n  o f  roads o r  where a b r idge crosses a r i v e r ,  t h i n g s  o f  t h i s  nature.  
Wel l -def ined p o i n t s  d o n ' t  e x i s t  i n  any g r e a t  frequency i n  undeveloped areas, so 
t h i s  i s  a problem i f  we a r e  going t o  e x t r a c t  c o n t r c l  f rom maps. 
One can see the  o u t l i n e  of towns, the d i f f e r e n t  c lasses o f  roads, 
k i t h  t h e  Skylab Ear th  T e r r a i n  camera photograph we can de tec t  the  highways, t h e  
urban development, t h e  a i r f i e l d s  and so on. This i s  about the  best  r e s o l u t i o n  
data t h a t  we've had to-date and i s  representa t ive  o f  what we w i l l  ge t  w i t h  the  
S h u t t l e  cameras. How good a map can we pre- 
pare w i t h  an approximate equ iva len t  5 m IFOV? Well , we can prepare q u i t e  a good 
map as a mat te r -o f - fac t .  We can de l ineate  t h e  o u t l i n e s  o f  t h e  urban areas, we 
can show most o f  the roads, we can pick-up t h e  vegetated areas, we can o b t a i n  
q u i t e  a b i t  o f  i n f  rmation. I f  we go t o  t h e  map compiled from a RBV image of 
Landsat-3, i t  i n  no way compares t o  a 1:250,000 scale map, nor  does i t  compare 
i n  any way t o  a map which was compiled from the  Skylab photography. 
t a l k i n g  about Thematic Mapper data which may be o f  s l i g h t l y  b e t t e r  r e s o l u t i o n  
than the RBV, i t ' s  very u n l i k e l y  t h a t  we ' re  going t o  be a b l e  t o  compile maps i n  
the t r a d ~ t i o n a l  sense o f  t h e  word. 
This  i s  our  basel ine in fo rmat ion .  
So if we're 
Now, what are U.S. Nat ional  Map Accuracy Standards (NMAS, Table Z)? F i r s t  of 
a l l  we can d i v i d e  them i n t o  h o r i z o n t a l  and v e r t i c a l  accuracy standards. For 
hor izon ta l  accuracy, t h e  U.S. standards say t h a t  90% o f  wel l -def ined p o i n t s  
should be ? l o t t e d  a t  the map sca le  t o  w i t h i n  + 0.5 mm o f  t h e  c o r r e c t  p o s i t i o n .  
cor  example, i f  we have a map sca le  o f  1:100,~00, the  br idges, road i n t e r s e c t i o n s ,  
and so on, m d s t  be c o r r e c t  t o  + 0.5 mn on the  map. 
the  p o i n t s  m i l s t  be w i t h i n  + 0.3 m on the map and + 50 m on the grcund. For 
spot he'ghts, 90% o f  the e leva t ions  t h a t  a re  d e t e 6 i n e d  from contours s h a l l  be 
c o r r e c t  t o  w i t h i n  cne-hal f  the  contour i n t e r v a l .  Thus, if we have a contour 
i n t e r v a l  o f  100 m, n i n e t y  percent o f  the  i n t e r p o l a t e d  e leva t ions  should be 
c o r r e c t  t o  w i t h i n  - + 50 m. 
Thus, we can say t h a t  90% of 
Table 2 
U.S. NATIONAL PI4P ACCURACY STANDARDS 
A. HORIZONTAL - 90% OF WELL-DEFINED POINTS SHALL BE PLOTTED (AT THE MAP 
SCALE) TO k'iTHIN - + 0.5 mn OF THEIR CORRECT POSITION, e.g., 
PAP SCALE = 1 : 100,000 
- + 0.5 mn AT MAF SCALE = - + 50 m ON GROUND 
THUS, 90% OF POINTS MUST BE WITHIN - + 0.5 mn ON THE MAF AND - + 50 m ON i H E  
(;ROUND. 
6. VERTICAL - 90% OF THE ELEVATIQNS DETERMINED FROM CONTOURS SHALL BE CORRECT 
TO WITHIh 1/2 THE CONTOUR INTERVAL (C.I.),  e.g., 
C . I .  = 100 rn 
THUS, 90% OF ELEVATIONS REFEP.ENCED TO CONTOURS SHALL BE CORRECT TO WITHIN 
+ 50 m. - 
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I n  terms o f  h o r i z o n t a l  accurdcy now, l e t  us i n t roduce  r o o t  mean square e r r o r  
(RMSE). By RMSE we mean t h a t  58% o f  t h e  p o i n t s  t e s t e d  l i e  w i t h i n  the  spec i f i ed  
d i s tance  from the c o r r e c t  g r i d  coord inates (F igu re  1 ) .  
RMSE i s  + 15 m, 68% o f  t h e  p o i n t s  tes ted  l i e  w i t h i n  + 15 m of t h e  c o r r e c t  loca-  
t i o n .  For t h e  90% cortt idence l e v e l  spec i f i ed  by NMAs, we must m u l t i p l y  15 m 
by 1.65 which y i e l d s  + 25 m. Next, we wapt t o  determine t h e  l a r g e s t  sca le  map 
(which i s  r e a l l y  what-we want t o  know) t h a t  can be compiled from these data 
and s t i l l  meet NMAS. As Figure 1 notes, t h e  l a r g e s t  sca le  map compat ib le w i t h  
h o r i z o n t a l  e r r o r s  o f  - + 25 m a t  t h e  90% l e v e l  o f  c m f i d e n c e  i s  1:50,000. 
F igu re  2 reviews v e r t i c a l  accuracy ( Z ) .  I f  t h e  RMSEZ i s  + 15 m,ti;at means 
68% a r e  t o  be w i t h i n  t h a t  value. b u t  NMAS s t a t e  t h a t  9 0 % o f  i n t e r p o l a t e d  Z-va:ues 
must be c o r r e c t  t o  w i t h i n  one-hal f  t h e  contour i n t e r v a l .  
c l o s e s t  contour i n t e r v a l  which w i l l  meet NMAS i s  3.3 t imes t h e  RMSEz, o r  50 m 
i n  t h i s  instance. 
e l e v a t i o n s  a r e  t h e  problem, n o t  t h e  p l a n i m e t r i c  p o s i t i o n s .  
For example, if t h e  
So s t a t i s t i c a l l y ,  t he  
From t h i s  d iscuss ion we can make t h e  general obse rva t i on  t h a t  
F igu re  3a notes areas c f  t h e  wor ld  w i t h  poor map coverage, and i t  i s  p r e c i s e l y  
these areas where s a t e l l i t e  data a r e  going t o  be most usefu l .  These a r e  a l s o  
areas t h a t  have poor c o n t r o l  nets. 
F igure 3b i n d i c a t e s  the  standard contour i n t e r v a l s  assoc iated :;i t h  maps around 
t h e  world. The 
contour i n t e r v a l s  found on 1:100,000 sca le  maps range from 20 t o  50 m and those 
on 1:250,000 maps from 50 t o  100 m. 
topographic maps a t  these scales, you have g o t  t o  be a b l e  t o  meet t h e  accuracy 
standards fo r  e leva t i ons .  For example, w i t h  a 1 :100,000 sca le  map. p l a n i m e t r f c  
accuracy requii-ements mean + 50 m a t  93% o r  - + 30 m RMSE. A 50 m contour  i n t e r -  
v a l  r e q u i r e s  an R M S E ~  o f  - + 1 5  m. 
The o the r  sub jec t  which we have t o  consider i s  qi-ound c o n t r o l  and I ' d  l i k e  t o  
make these p o i n t s .  F i r s t ,  ground c o n t r o l  i s  normal ly  requ i red  t o  e s t a b l i s h  
the  e x t e r i o r  o r i e n t a t i o n  o f  t he  sensor system. Second, ground ccjntrol  w i l l  
c o n s i s t  o f  w e l l - d e f i n e d p o i n t s  w i t h i n  t h e  image data s e t  f o r  which t h e  X ,  Y,  Z 
t e r r a i n  coord inates a r e  known. Third, most ground c o n t r o l  t o  be used t o  
r e c t i f y  s a t e l l i t e  image data w i l l  be obtained from e x i s t i n g  topographic map 
bases. 
3 ) .  Fourth, i n  the absence of ground c o n t r o l  t h e r e  must be an ex te rna l  means 
of  e s t a b l i s h i n g  t h e  X ,  Y, Z coord inates o f  t he  spacecraf t  o r  sensor system: 
o r i e n t a t i o n  data from a s t a r  t r a c k e r  and p o s i t i o n  and t ime from the  N4VSTAR 
GPS. 
poor c o n t r o l ,  t he  ex te rna l  means o f  detc  ,nining spacec ra f t  p o s i t i o n ,  sensor 
d t t i t u d e  and t ime a r e  extremely impor tant .  
The 1:50,000 scale maps normal ly  have a 2G m contour i n t e r v a l .  
I f  you a re  going t o  t a l k  about compi l ing 
Thus, t he  accuracy o f  t h e  source maps may be an impor tant  f a c t o r  (Table 
e.g., 
As s a t e l l i t e  data a re  l i k e l y  t o  prove most u s e f u l  f o r  mapping areas w i t h  
Table 3 
ACCURACY OF GRO!JND CONTROL PO!NTS OBTAINED 
FROM MAPS MEETING NMAS 
SCALE OF MAP 
1 : 250,000 
1 :2co,ooo 
1 : 100,000 
1 : 50,OOO 
1 :25,000 
HORIZONTAL sMSE CONTOUP INTERVAL - -  (L. I ./3.3-C.! . / 2 )  
75  m 
60 
30 
1 5  
7.5 
100 m 
100 
50 
20 
10 
33-50 in 
30- 50 
15-25 
6-1 0 
3-5 
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Future sensors w i l l  etFploy MLA technology i n  which a l i n e  a r r a y  i s  pushed over  
the e a r t h  and the re  ;s a t ime element invo lved.  
e n t i r e  frame a t  one i n s t a n t  i n  t ime. You a re  reco rd ing  one l i n e  o f  data a t  a 
t ime. There a re  several  sources o f  errc i r  w i t h  MLAs.  We have p o i n t i n g ,  a t t i -  
tude s t a b i l i t y ,  s a t e l l i t e  v e l o c i t y ,  measurement p r e c i s i o n  and accura'.y, r e l i a -  
b i l  i'ty o f  ground c o n t r o l ,  e a r t h  cu rva tu re  r e f r a c t i o n ,  processing equipment, 
adjustment procedures, and r e 1  i e f  displaceiirent. 
You a re  n o t  reco rd ing  the  
P o i n t i n g  and a t t i t u d e  c o n t r o l  a r e  a major problem. 
r e q u i r e  s tereo coverage, and p o s t  o f  t h e  s tereo systems such as Mapsat o r  
Stereosat a r e  going t o  t ake  coverage w i t h  a forward- look ing camera and w i t h  
an a f t - l o o k i n g  camera. 
coverage i s  OR t h e  o rde r  o f  90 t o  100 seconds (B/H = 1 . a ) .  Dur ing t h a t  9')- 
t o  100-second per iod,  t h e  a t t i t u d e  of t he  spacecraf t  has t o  be very s t a b l e .  
If one a s s m e s  f o r  t h e  nloment t h a t  we have a combined e r r o r  due t o  p o i n t i n g  
e r r o r s  and a t t f t a a e  e r r o r s  on t h e  o rde r  o f  f i v e  seconds o f  arc ,  t h e  e r r o r  i n  
X,Y i s  -+ 10 m and t h e  Z e r r o r  i s  going t o  be about + 20 m. The e l e v a t i o n  
component i s  t he  c r i t i c a l  aspect, and a t t i  tude c o n t r o l  i s  a b s o l u t e l y  e s s e n t i a l .  
If we a r e  going t o  maD we 
The t ime i n t e r v a l  between t h e  f o r e -  afid the  a f t - l o o k i n g  
A hypo the t i ca l  combination o f  e r r o r s  i b  reviewed i n  F igure 4 .  
t i o n  t h a t  sensor a t t i t u d e  i s  maintained t o  f i v e  seconds o f  arc,  t h e  e r r o r s  i n  
X,Y and i n  Z a re  about + 10 m and + 20 m r e s p e c t i v e l y .  L e t ' s  a l s o  assume we 
hdve a measurement or  c o r r e l a t i o n  e r r o r  equ iva len t  t o  a h a l f  o f  a p i x e l .  
about + 8 m. Add i t i ona l  miscel laneous e r r o r s  may equal another + 10 m. If we 
combine these e r r o r s  by t a k i n g  the  square r o o t  o f  t he  sum o f  the-squares, we 
ob ta fn  -+ 15 t o  + 20 rn f o r  p l a n i r e t r y ,  and about -+ 25 m f o r  spot  he ights .  The 
largest-scale map t h a t  we can reproduce froin sgc6 data, working i n  even i n c r e -  
nients, c m e s  o u t  t o  about 1:100,000 scale and t h e  contour  i n t e r v a l  t h a t  meets 
NMAS i s  on t h e  o rde r  o f  100 m. 
Given t h e  assump- 
Tha t ' s  
I n  cc i ic ius ion then, I t h i n k  t h a t  we can say t h a t ,  f i r s t  o f  a l l ,  f o r  topographic 
mapping a t  sca les o f  1:100,000 and la rge r ,  an IFOV of 10 m o r  l e s s  w i l l  be 
requi red,  as w i l l  qeometric accurac ies o f  -+ 20 m o r  b e t t e r .  Secondly, t he  film 
cameras t o  be employed on t h e  s h u t t l e  misslons w i l l  p rov ide  base l i ne  data 
aga ins t  which the scanner, l i n e  w r a y  and radar  systems can be evaluated. Third,  
automated napping w i l l  r e q u i r e  e r r o r - f r e e  image data.  Thus, i n  my oDinion, i t  
appears reasonable t o  emphasize s a t e l l i t e  p o s i t i o n i n a  and a t t i t u d e  c o n t r o l  r a t h e r  
than t o  r e l y  s o l e l y  on the  a v a i l a b i l i t y  o f  dense ground c o n t r o l  and on c o s t l y  
image processing techniques t o  c rea te  r e c t i f i e d  image data sets.  F i n a l l y ,  sate- 
11 i t e  systems which prov ide data meeting r i g o r o u s  tonographic mapping r e q u i r e -  
ments w i l l  a l s o  s a t i s f y  the accuracy requirenients f o r  themat ic mapping. 
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ROOT MEAN SQUARE ERROR (RMSE) -68% OF POIMTS TESTED L I E  WITHIN THE 'ECIFIED 
DISTANCE W I T H  REFERENCE TO THE CORRECT GRID COORDINATES, e.g., 
WSE = + 15 m - 
THUS 68% OF THE POINTS TESTED L I E  WITHIN - + 15 m OF THL CORRECT LOCATION. 
FOR A 90% CONFIDENCE LEVEL AS SPECIFIED BY NMAS, I T  IS NECESSARY TO MllLTIPLY 
THE RMSE BY 1.65, e.g . ,  
+ 15 in x 1.65 = t 25 m 
THUS, THE LARGEST SCALE MAP WHICH CAN BE COMPILED AND STILL MEET NMAS IS: 
RMSE x 1.65  
0.5 MAP SCALE FACTOR = 
= 50,000 
FIGURE 1. HORIZONTAL ACCURACY (X,Y) 
e.g.  RMSEZ = 2 15 rn (68%) 
NMAS STATE - 90% OF ELEVATIONS TO -- + 1 / 2  C . I .  
STATISTICALLY, 
C.I .  
NMAS = 3 . 3  x RMSEZ 
= 3 . 3  x 15 
= 50 rn 
THUS, THE CLOSEST C. I .  WHICH CAN BE COMPILED TO MEET NMAS IS 50 m 
FIGURE 2 .  VERTICAL ACCURACY 
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Figure 3a. The shaded areas represent countries o r  regions with 50 percent or 
l e s s  o f  their  area mapped a t  1:100,000 scale  or larger i n  1976 
(United Nations, 1975). 
2) 1:100,000 On0 1:1268000 I 
1:204000 and l:250,0P 
Y 
> 
X W 
0 v:
t 
Figure 3b. Histograms o f  contour intervals fo r  topographic maps a t  scales  of 
1:50,000, 1:100,000, and 1:250,000 (United Fiations, 1976). 
-LO 
SEF'SOR ATTITUDE - - + 10 m IF( X ,  Y 
(e .g .  5 Gc) 2 20 rn i n  z 
MEASUREffEFT ERROR - - + 1/2 PIXEL (e-g.  + 8 m) i n  X ,  Y, Z 
MIsCELLANEOUS ERRORS - + 10 m IN X ,  Y ,  2 
(CUE TO GROJND CONTROL,PF?dCESSING, REFOWTTING,  RESAMPLING, ADJUSTMENT 
PROCEDURES ETC. 
RSME;, 
RSMEZ ={-IT 
= - + 2 5 m  
= \1102 + 8? + lo2 
2 + 15 - 20 m - 
HAPPING CONS1 OERATIOYS 
- 20 X 1.65 
0.5 NAP SCALL FACTORX, y 
= 33 (OOO] 
3.5 
= 66,CQO = 100,000 
NMAS = 3 . 3  X 25 c. 1. 
= 83 = 100 E 
FIGURE 4 .  COMBINATION OF ERRORS (Based on ti = 806 km, I F O V  = 15 m) 
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6.4 MAP PROJECTIONS FOR LARGER-SCALE MAPPING* 
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Reston, Virginia 22092 
ABSTRACT 
After decaaes o f  using a single map pro jec t ion ,  thc Polyconic, f o r  i t s  mp- 
i . ing  program, the U.S. Geological Survey now uses several long-establjshcd 
,-ojections f o r  i t s  published maps, bo th  large and ma l?  scale. Tor naps 
c c  1:1,000,OCO-scale a n d  larger, the most coimon projections are confowa:, 
such as the Transverse Mercator and  Lambert Confornal Conic. projections 
f o r  these scales should t reat  the Ear th  as an ellipsoid. 
' JSGS has conceived and designed some new projections, inc:udjng the Tpace 
Ob1 ique Vercator, the f i r s t  nap projection designed t o  permit low-distortion 
{ l a p p i n g  o f  the Earth from sa t e l l i t e  inagery, continucasly Col lowing  the 
graundtrack. The bSGS has programed nearly a1 1 y r t i  nent project ion  equations 
f o r  inverse and foniard calculations. 
transfom coordinates froill one projection t o  another. The C I S 5  i s  also 
publishing i t s  f i r s t  comprehensive slap projxt ion rcanual, describinq i n  
detail and matheciatical ly  a l l  projections used by the agerlcy. 
I n  a d d i t i o n ,  the 
These are used t o  p l o t  naps o r  to 
The U.S. Geoloyical Scrvey wds created i n  187c), and detailed large-scale 
n a p p i n g  3 f  the country soon becane one of i t s  primary objectives. 
relied heavily over the years 9n the foriner U.S. r o a s t  a n d  Geodetic Survey 
(!JSC&GS, now the Yat iona l  Oceln Survey) & o r  guidance on nap projectiqns. 
A t i ?  the 1;te 1950's, only the Polyconic projection was used for the prirnary 
iJSGS napping product,  i .e., large-scale quadrangle naps. 
Tt has 
The Polyconic projection was apparently 'nvented and certainly pronoted 5y 
f-erd-inand Rudolph Hassler, t h e  f i r s t  head of w h a t  was to hecoine k n o w n  as t h e  
Coast and Geodetic Survey. 
was changed t o  t h e  Lanbert Co:iformal Conic and t.he Transve-w Mercator projec- 
t iocs,  which had  been adopted by t h e  Coast and  Geodetic Survey i n  the IQ3!7's 
for  the State Plane Coordinate System. 
bdsed upon the Universal Transverse Yereator and the p o l a r  Stereographic 
led t o  !JSGS use of these projections. Trl a d d i t i o n  t o  these, the regii?ar 
Mercator, the Ob? ique Mercator, the Alhex Equal-Area h n i c ,  and  the . 4 z i m i t h ? l  
Equidistant have been used for other larger-scale n a p p i n q  by the IlSrS and 
other agencies. 
I n  t h e  1959's, the USG5 quadrangle projection 
The developent of standardized zones 
Al though  authors and organizations variously de <'ine large- 
fYote:  This paper i s  adaiited w i t h  sever31 i vod i ' i ca t ions  frmi one by t he  aiithor 
published it1 the ?roceedings o f  the 1381 ACSM F a l l  Technical Yeeting. 
and intermediate-scale mapping, f o r  the  purposes o f  t h i s  paper, the  term 
" la rge r  scale" w i l l  apply t o  scales l a r g e r  than 1 t o  2 m i l l i on .  
When the  space age added i t s  impact t o  mapping, c lass i ca l  pro ject ions (Yercator, 
Lambert Conformal Conic, and Stereographic) were chosen fx the mapping of 
t he  Earth 's Moon, th ree  other planets, ana a nwber  of other natura l  s a t e l l i t e s .  
Some project ions,  especia l ly  t he  Space Oblique Mercator, o r ig ina ted  w i t h i n  IlSGS 
t o  ass i s t  [napping from s a t e l l i t e  imagery. 
TYPES OF PROJECTION 
Before descr ib ing the  pro ject ions themselves, I ' d  1 i k e  t o  review S r i e f l y  t he  
d i f f e r e n t  types. Equal-area o r  equivalent p ro jec t ions  o f  the  globe are used 
espec ia l l y  by geographers seeking t o  conpare land use, densi t ies,  and t.he 
l i k e .  
a co in  l a i d  on one par t  of the map covers exac t ly  t he  same area of the actual 
Ear th  as the same co in  on any o ther  par t  of the map. Shzpes, angles, and 
scale m s t  be d i s to r ted  on most par ts  of such a map, but  there are usual ly  
c e r t a i n  l i n e s  on an equal-area map as wel l  as on other  types o f  pro ject ions,  
along which there i s  no d i s t o r t i o n  Qf any kind. These so-cal led 'lst.dndard 
l i n e s "  nay be a merjdian, one or two para l le ls ,  l i n e s  which $re  nei ther ,  
point. 
On an equal-area pro ject ion,  such as the Albers Equal-Area Con'c, 
or not a l i n e  but a 
More c o n o n l y  used 
pro ject ions such as 
The term nears tha t  
srea," :he conforma 
the  nap. A.nqles a t  
n larger-scale napping are conformal (o r thmorph ic )  
the  Transverse Mercator and t h e  Lambert Confornal Conic. 
they are cor rec t  i n  shape, but, un l i ke  the term "equal 
p r i n c i p l e  appl ies on ly  t o  each i n f i n i t e s i m a l  elenent oc 
each point  are correct ,  and consequently the l oca l  scale 
i n  every d i r e c t i o n  around any one point  i s  constant, so the nap user can 
measure distance and d i r e c t i o n  between near po ints  w i th  a nininum oc d i f c i -  
cu l ty .  Conformal maps mcy a lso  be prepared by f i t t i n g  together small pieces 
o f  o ther  conformal nacs which have been enlarged o r  reduced; non-confornal 
pro ject ions rcqo i re  reshaping as well. 
than a small element, d i s t o r t i o a  i n  shape as wel l  as area becomes apprecfable. 
This i s  especi&l!y serious with the most famous conformal p ro jec t i on  -- 
the  Mercator -- because c f  i t s  widespread use i n  classrooms, e s p e c i a l l j  
i n  the  past. 
p a r a l l e l s  a t  r i g h t  angles on a conformal pro<jection, j u s t  as the, 40 on 
the  Earth. 
nate scale and area d i s t o r t i o n  along these l i n e s  and t o  t,iinimize d i s t o r t i o n  
elsewhere. 
When the  reg ion consists of more 
Recause tha-e  i s  no angular d i s t o r t i o n ,  a l l  merid';;s intersect.  
"Standard l i n e s "  may a lso be appl ied t o  a conformal ri,p t o  e l  irni- 
Sone nap p r o j e c t i m s ,  such as the Azimuthal Equidistant,  a y e  nei ther  cqual- 
area nor confon,ial, but l i n e a r  scale i s  cor rec t  along a l l  l i n e s  r a d i a t i n g  
from the center, along mer'ldians, o r  fo l lowing other  special patterns. 
addi t iot l ,  there a r e  compromise pro ject ions,  a l m o s t  e q t i r e l y  r e s t r i c t e d  t o  
srnall-scale mapping, which are used because they balance d i s t o r t i o n  i n  scale, 
area, and snape. 
I n  
2 2 5  
Pro jec t i ons  a re  o f t e n  c l a s s i f i e d  by the  t ype  o f  sur face onto which t h e  E a r t h  
may be mapped. 
i s  unro l l ed ,  we have t h e  concept g f  c y l i n d r i c a l  o r  conic  p ro jec t i ons ,  
such as t h e  Mercator o r  Lambert Confomal Conic, respec t i ve l y .  If t h e  a x i s  
o f  t he  cone o r  c y l i n d e r  co inc ides w i t h  t h e  p o l a r  a x i s  of t h e  globe, t h e  
p r o j e c t i o n  has equa l l y  spaced s t r a i g h t  meridians, para l  l e 1  on t he  cy1 i n d r i c a l  
p r o j e c t i o n s  and converging on t h e  conics. 
diaris a t  r i g h t  dngles, being s t r a i g h t  on t h e  c y l i n d r i c a l s  and concentr ic  
c i r c u l a r  arcs on t h e  conics. 
A plane l a i d  tangent t o  t h e  globe a t  t h e  pole leads t o  p o l a r  az im l tha l  p ro jec -  
t i o n s ,  such as t h e  p o l a r  Stereographic, w i t h  t h e  p a r a l l e l s  mapped as  a rcs  
o f  concen t r i c  c i r c l e s  and meridians as equa l l y  spaced r a d ' i  o f  t h e  circlt-1s. 
Scale reinains constant alony each p a r a l l e l  o f  l a t i t u d e  on a r e g u l a r  c y l i n d r i c a l ,  
conic ,  o r  p o l a r  azimuthal p ro jec t i on ,  hut  i t  changes one l a t i t u d e  t o  
another. D i r e c t i o n s  o f  a l l  p o i n t s  a r e  c o r r e c t  as seen f r o g  t h e  cen te r  o c  
an azimuthal p ro jec t i on .  
I f  a c y l i n d e r  o r  cone t h a t  has been placed around a globe 
The para l  l e 1  s i n t e r s e c t  t h e  r w r i -  
The spacing o f  t h e  p a r a l l e l s  i s  seldorii p r o j e c t i v e .  
I f  the  c y l i n d e r  o r  cone i s  secant i ns tead  o f  tangent t o  t h e  glohe, t h e  p ro jec -  
t i o n  conceptual ly  has t w  l i n e s  i ns tead  of one which a re  t r u e  t o  scale. 
Wrapping t h e  c y l i n d e r  about a mer id ian  le,ids t o  t r3nsverse p ro jec t i ons .  
p lac iny  a plane tangent t o  t h e  Equator i x t e a d  of a pole, equa to r ia l  aspects 
o f  azimuthal p r o j e c t i o n s  r e s u l t .  T i l t i n g  t h e  c y l i n d e r ,  cone, o r  plane t,o 
r e l d t e  t o  another j i o in t  on t h e  Ear th leads t o  an ob l i que  p r o j e c t i o n ,  and t h e  
c ier id ians dnJ para l !e l s  a re  113 longer  t h e  s t r a i g h t  l i n e s  o r  c i r c u l a r  arcs 
they were i n  t h e  norr:ial aspect. The l i n e s  of constant  sca le a re  correspond- 
i n y l y  ro tated.  
R y  
THE EAKTti h, I N  E L L I P W I D  
For i:iaps a t  scales s i ; ia l ler  than 1:5,000,000, arld which cover reg ions l a r q e r  
tha!i t h e  I l n i  t e d  States , t h e  d i s t o r t i o n s  frwi i:iapping the  spher i ca l  Ear th '  
on f l a t  p3per- are much g rea te r  than the s l i g h t  a d d i t i o n a l  c o r r e c t i o n s  needed 
t o  coiqierisiite f o r  t h e  e l  1 i p s o i d a l  shape of t he  Farth.  These c o r r e c t i o n s  
m y  then u s u a l l y  be ignored. The e l l i p s o i d  should be, and normdl ly  is, 
used f o r  la;-ge-scale mapping o f  sm11  a r m s ,  o r  f o r  lor iq na r ro i f  s t r i p s .  
For such areas, t he  f l a t t e n i n g  of t h e  round Ear th (isual l y  produces l e s s  
d i s t o r t i o n  than t h e  use o f  t h e  sphere i ns tead  o f  t h e  e l l i p s o i d .  
A s h i f t  froin one e l l i p s o i d  t o  another has a n e g l i g i b l e  e f f e c t ,  ever1 on l a r g e -  
sca le  naps, upon the  p ro jec ted  shdpes and p o s i t i o n s  of meridians and p a r a l ? c l s .  
A y rea te r  e f f e c t  i s  t h e  t r a n s l a t ' o n  of l a t i t u d e  and l o n g i t u d e  f o r  a l l  point,s 
011 a l iap,  due t o  a change i n  datiii:i, t h a t  chan!,zs t h e  p o s i t i o n  o f  +.he e l l i p s o i d  
re1,qtive t o  t h e  Lar th .  For t h i s  reason, the  n a t a t i o n  i n  tbe  corsrier o+' !IS@, 
quadrangles s t a t i n g  "North n r e r i c a n  Pat.uin 1927'' o r  "1933" i s  a s  important. 
d s  t h e  i.iardiiltltCrs o f  t he  vidp p r o j e c t i o n  i n  d e f i r i i  ng the  bas is  of these naps. 
PR! NC I P A L  PROJCCTIt!NS 
Polyconic  P r o j e c t  i cn 
About 18?0, Hdssler begdn t o  proi:iot.e t h e  edsi  l y  const.ructed Polyconic 
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p r o j e c t i o n  as t h e  bas i s  of large-scale mapping. 
t i o n  f o r  t h e  e a r l i e s t  quadrangles, on l y  changing i n  t h e  1959’s t o  o t h e r  
p ro jec t i ons ,  a l though r e l a b e l i n g  t h e  map legend lagged considerably  behind 
t h e  change. The Polyconic  i s  n e i t h e r  equal-area nor conformal. For  7-1/2- 
and 15-min. quadranyles, however, t h e  d i s t o r t i o n  i s  n e g l i g i b l e .  Along t h e  
c e n t r a l  meridian, i t  i s  f r e e  o f  d i s t o r t i o n .  Each p a r a l l e l  i s  a l s o  t r u e  t o  
sca le,  bu t  t h e  o the r  meridians a re  t o o  long, and c o n s t a n t l y  change scale. 
The p r o j e c t i o n  i s  not recoirunended f o r  maps of cons iderable east-west ex ten t  
cod, i n  fact, should n o t  be s e r i o u s l y  used f o r  any new maps i n  view o f  o t h e r  
p r o j e c t i o n s  avai lab le.  
The USGS used t h i s  pro jec-  
The p a r a l l e l s  o f  l a t i t u d e  a r e  c i r c u l a r  arcs spaced a t  t h e i r  t r u e  d is tances 
along t h e  c e n t r a l  meridian, bu t  w i t h  r a d i i  equal t o  t h e  l e n g t h  o f  t h e  element 
o f  a cone tangent a t  t h e  p a r t i c u l a r  p a r a l l e l .  The p r o j e c t i o n  receives i t s  
name from t h e  f a c t  t h a t  each cone i s  d i f f e r e n t .  Meridians are marked on each 
p a r a l l e l  a t  t h e  t r u e  distances, bu t  t h e  meridians a re  complex curves connect ing 
these points .  L ines o f  constant sca le r u n  roughly  p a r a l l e l  t o  t h e  c e n t r a l  
meridian, b u t  t hey  a re  curved. 
Merca t o r  P r o j e c t  i on 
The Mercator p r o j e c t i c n  i s  t h e  most w e l l  known o f  a l l .  
Mercator f o r  nav iga t i ona l  purposes i n  1569, because rhumb l i n e s ,  o r  l i n e s  of 
constant compass bearings, a re  p l o t t e d  as s t r a i g h t  l i n e s .  This  i s  s t i l l  t h e  
most j u s t i f i a b l e  use o f  t h e  p r o j e c t i o n  f o r  a nap o f  reg ions away from t h e  
Equator. 
sca le are s t r a i g h t  and r u n  p a r a l l e l  t o  t h e  Equator. On t h e  Mercator, t h e  
sca le  increases away froin t h e  Equator. 
It was presented by 
It i s  a normal c y l i n d r i c a l  p r o j e c t i o n ,  on which t h e  l i n e s  o f  constant 
The USGS has used t h e  * r c a t o r  p r o j e c t i o n  fo r  maps of p a r t  o f  t t i e  P a c i f i c  
Ocean, o f  Indonesia, and f o r  p o r t i o n s  of each of t h e  ou te r  bodies mapped t o  
date, frorn our Moon t o  t h e  s a t e l l i t e s  o f  ’jaturn. I n  some cases, t h e  chosen 
sca le  app l i es  t o  standard p a r a l l e l s  placed symmetr ica l ly  n o r t h  and south of  
t h e  Equator. The scale along t h e  
rq:l3tor could s t i l l  be c d l l e d  c o r r e c t  i f  t h e  s t a t e d  sca le  o f  t h e  nap vrere 
51 i ght l y  decreased. 
The shape of t h e  rnap does not  change. 
-- TransuErse Mercator P r o j e c t i o n  
R o t r c i n g  t h e  c y l i n d e r  o f  t h e  Mercator so t h a t  i t  l i e s  tangent. ( o r  secant) 
a l o r j  a rneridian o f  t h e  globe leads t o  t h e  very important conformal pro jec-  
t i o i ,  c a l l e d  the  Transverse Nercdtor. The c e n t r a l  meridian, t h e  Equator, and 
edc.\ r ,wr id ian 90” froin t h e  c e n t r a l  mer id ian a re  s t r a i g h t  l i n e s .  
i n e r i c i a m  and p a r a l l e l s  a re  complex curves. Fo r  t h e  sphere and normal ly  f o r  
t h e  e l l i p s o i d ,  t h e  c e f i t r a l  mer id ian has a constant scale, but  t h i s  i s  
u s u L ~ l l y  reduced froin t h e  nominal map scale t o  balance e r r c r s  i n  measurement 
over t t ie  r e s t  o f  t he  map. The Tines of constant sca le a re  s t r a i g h t  l i n e s  
p a r a l l e l  t o  the c e n t r a l  mer id ian f o r  t t ie  sI)here, and n e a r l y  s t r a i g h t  f o r  t h e  
e l l i p s o i d .  ‘hen t h e  sca le  f a c t o r  along t h e  c e n t r a l  mer id ian i s  reduced, t h e  
l i n e s  o f  t r u e  scale a re  symmetrical w i t h  respect t o  t h e  c e n t r a l  meridian. 
A l l  o t k r  
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Lambert prcsented t h e  spher i ca l  p r o j e c t i o n  i n  1772, but Gauss and l a t e r  Kr'Jger 
developed t h c  mathematics f o r  t h e  e l l i p s o i d a l  form. The ; I ro jec t i on  was almost 
ignored u n t i l  t h e  20th ceptury,  when i t  was adopted f o r  much c f  t h e  topcaraphic 
mapping i t 1  Eurol,, under t h e  name Gauss-Krcger, and i n  t h e  I !n i ted States f o r  t h e  
S t a t e  Plane Coordinate System of States predominantly n o r t h  and south i n  
ex ten t  and f o r  t h e  Universa l  Transverse Mercator o r  UTM p r o j e c t i o n  and g r i d  
system. The UTM has two spec ia l  r e s t r i c t i o n s :  (1) The c e n t r a i  sca le  f ~ c t o r  
i s  0.9996, and ( 2 )  t h e  Ear th  i s  d i v i d e d  i n t o  s i x t y  zones, each 6- o f  
l o n g i t u d e  wide, w i t h  t h e  c e n t r a l  meridians placed a t  every s i x t h  rner id ian 
beginning w i t h  t h e  177th West. (There a re  minor except ims.)  
'rlhen USGS stopped us ing  t h e  Polyconic p r o j e c t i o n  f o r  l a rge -sca le  quadrangle 
maps, t h e  Transverse lcfercator was adopted f o r  maps of areas where i t  was 
used f o r  t h e  S t a t e  Plane Coordinate System. (Recent m e t r i c  quadrangles a re  
based upon t b e  UTM). 
county boundaries and i s  designed t o  r e s t r i c t  sca le v a r i a t i o n  over t h e  map 
t u  one p a r t  i n  t e n  thousand. The USGS uses t h e  predominant zone f o r  t h e  
p r o j e c t i o n  o f  quadrangles which cross county boundaries. The c e n t r a l  sca le 
reduct ions,  which change between zones, vary f rom 1:160,000 t o  1:10,1700. 
Centra! meridians have been i n d i v i d u a l l y  se lected f o r  each zone. 
Equations i n  se r ies  form a re  used f o r  t h e  Transverse Mercator c a l c u l a t i o n s  
f o r  t h e  21 l i p s o i d .  
cannot be s a f e l y  ex t rapo la ted  f o r  use over a whole con t inen t .  Simpler c losed 
formulas can then be used i f  t h e  Ear th i s  assumed t o  be a sphere. To extend 
t t i e  e l l i p s o i d a l  form a g r e a t e r  d is tance from t h e  c e n t r a l  meridian, much 
more compl icated formulas a re  avai lab le.  
I n  t h e  S ta te  Plane Coordinate System, each zone f o l l o w s  
These a r e  1 im i ted  t o  a 6' t o  8" band o f  l o n g i t u d e  and 
Mien USGS converted from t h e  Polyconic  p r o j e c t i o n ,  w i t h  a c e n t r a l  mer id ian 
on each quadrangle, t o  t h e  S t a t e  Plane Coordinate System, t h i s  inc luded 
employing t h e  c e n t r a l  mer id ian and o t h e r  paratwters  used f o r  t h e  new zone. 
The discrepancies i n  inedsureinerits on t h e  Polyconic and t h e  Transverse Uercator 
f o r m  o f  t he  sane 7-1/2- o r  15 min. quadrangle depend e s p e c i a l l y  upon t h e  
d is tance o f  t h e  quadrangle f rom t h e  c e n t r a l  mer id ian o f  t h e  zone. 
quadranyles can be i;losaicked f o r  t h e  e n t i r e  zone. 
The new 
The 1:250,000-scale 1 x 2 quadrangle se r ies  cove r ing  4 9  o f  t h e  States was 
o r i g j n a l l y  t o  be cas t  on t t ie  UTM. When t h e  Army Kap Serv ice prepared ;hew, 
t h e  UTM c e n t r a l  sca le f d c t o r  o f  0.9996 was used, bu t  t h e  c e n t r a l  r w r i d i a n  of 
t h e  quadranqle i t s e l f  was used i n  p lace o f  t h a t  o f  t be  UTkc zone. These 
c e n t r a l  meridians agree w i t h  those. o f  
t h e  qiradraiigl es. East-west mosaick i n g  
w i t h  t h e  e x i s t i n g  inaps, which are now 
As these areas a re  reinopped, they  a r e  
rner i d i ans . 
Ob1 ique Mercator P r o j e c t i o n  
t h e  UTM zmes f o r  o n l y  o n e - t h i r d  o f  
w i t h i n  a UTM zone thus cannot be achieved 
being updated and d i s t r i b u t e d  by IJSCS. 
being recas t  w i t h  the  UTP c e n t r a l  
A cy1 in&r nay be placed around t h e  sphere so t h a t  i t  i s  tacqent along a great 
c i r c l e  which is n e i t h e r  a mer id ian no r  t h e  Equator. I n  t h i s  case, t h e  Oblique 
: lercator  may be c o l x o p t u a l l y  p ro jec ted  f o r  corl?ornal mapping o f  a r e g i o n  c h i e f l y  
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extending along t h i s  j r e a t  c i r c l e .  
culnplex curves. 
g rea t  c i r c l e  path, which may have a reduccd scale. 
by USGS i s  conf ined t o  t h e  State Plape Coordinate System o f  t h e  southoast 
ehtension o f  Alaska and t o  t h e  mapping o f  Landzat ddta f rom 1978 t o  t h e  pres;.nt, 
2 r i o r  t o  impiement,ition c f  t h e  Space Obl ique Mercator p r o j e c t i o n  on l andsa t  P. 
There a re  several  ways o f  adapt ing t h e  Oblique Mercator t o  t h e  e l l i p s o i d ,  
a l though nope i s  i d e a l  because e i t h e r  the  c e n t r a l  l i n e  does not remain d t  a 
p r e c i s e l y  constant sca le o r  conformal i t y  i s  no+ precise, H o t i  ne's adaptat.ion, 
which i s  e x a c t l y  conformal, i s  used i n  these USGS appl icat ions.  
Near ly a l l  mer idians r n d  p a r a l l e l s  a r e  
Here t h e  l i n e s  o f  constant sca le r u n  para1;el t o  t h e  ob l i que  
I t s  topographic use 
Space Ob1 ique  Mercator P r o j e c t i o n  
Among t h e  more c m p l i c a t e d  p r o j e c t i o n s  i s  t h e  Space 3b l  ioue Mercator, 
conceived by A.P. Colvocoresses o f  IISCS i n  1972 x c  ma-hematical ly tmple- 
mented i n  1978. It is ntended s p e c i f i c a l l y  f o r  .he continuous napping of 
imaging from s a t e l l i t e s  such 3 s  Landsat f o r  which a rudimentary f o r m  was 
used 1975-1978. The more accurate form i s  t o  be used f o r  Landsat D. The 
groundtrack f o r  t h e  s a t e l l i t e  i s  h e l d  ' e  l e  t c  scale, and mapping i s  mdde 
b a s i c a l l y  conformal. 
t h e  g rou id t rack  i s  curved, and appears almost s inuso ida l  on t h e  map. 
have been publ ished i r  sum;-ited form, and very r e c e n t l y  w i t h  d e t a i l 5 t i  
d e r i v a t i o n s  as USGS B u l l e t i n  lSX8. 
Earth,  and w i t h  c f r c u l a r  ur e l l i p t i c a l  s a t e l l i t e  o r b i t s .  
Because o f  t h e  r e l s t i v e  mot ion o f  Ear th  and sate;! i te, 
Fc-mu!as 
It !s designed f o r  use w i t h  t h e  e l l i p s o i d a l  
Cass in i  P r o j e c t i o n  
A non-conformal t ransverse cy1 i n d r i c a l  p r o j e c t i o n  c a l l e d  t h e  Cassini  waj  
used f o r  B r i t i s h  topographic mapping u n t i l  abclut ,320, whev i t  began t o  be 
rep laced w i t h  t h e  Transverse Mercatcr. 3n t h e  Cassini ,  sca le i s  t r u e  along 
t h e  c e n t r a l  mer id ian and along l i n e s  U t t  me map per2endicu lar  t o  t h e  c e n t r a l  
meridian. I n  a d i r e c t i o n  p a r a l l e l  t o  t h i s  meridian, sca le i s  cunstant,  bu t  
it i s  i n c r e a s i n g l y  t o o  l a r g e  as t h e  d is tance from t h e  rnerid an increases. 
Thus shatv, anoles, and area 2r.e d i s t o r t e d .  It may a l so  be cas t  ob l iquely .  
The p r o j e c t i o n  was used f o r  Landsat f rom 1972 t o  1975, bu t  s h a r d l y  used 
a t  present. 
- Lambert Conformal Conic P r o j e c t i o n  
Near ly  a l l  t h e  States predominantly east and west ir, ex ten t  use t h e  Lambert 
Zoi l fomal Conic as t h e  p r o j e c t i o n  f o r  t h e  S ta te  Plane Coordinate System. 
It was the re fo re  adopted ~y USGS f o r  post-1950 quadrangle mappiqg o f  these 
areas. This p r o j e c t i o n ,  presented by Lambert i n  1772, maps p a r a l l e l s  as 
concen t r i c  c i r c u l a r  arcs and t h e  meridians as equa l l y  spaced r a d i i  of those 
c i r c l e s .  One pole i s  a' thc? cen te r  o f  t h e  c i r c l e s ,  w h i l e  t h e  n the r  po le i s  
a t  i n f i n i t y .  The p a r a l l e l s  are more z l o s e l y  s?aced c. :ween t h e  normal ly  
t w o  standard p a r a l l e l s ,  rJhich have PO d i s t o r t i o n .  
For  t h e  USGS m p  o f  t h e  ccnterininous Un i ted  States,  t h e  standard p j r a , l e l s  
a r e  3 3 O  and 45 N., and US65 b,as made basL m2ps o f  each of t h e  48 States uz inq  
these standard p a r a l l e l s  a t  a sca le  o f  1:500,Ontl. The base ~ i a p s  t h e r e f o r e  
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rnatch along the boundaries. 
has i t ;  own s tandard  parallels. 
quadrangles which have been produced on t h i s  projection; t h u s ,  quadrangles 
edge-match within the zone. 
Each zone of the State Plane Coordinate  System 
These are the parameters used for  11SGS 
The Lambert i s  aiso used for the nap sheets of the International Map oc 
the 'rlorld series a t  3 scale of 1:1,000,000. 
\$as changed fron a Modified Polyconic in 1362. 
The projection for these sheets 
Albers Equal-Area Conic Projection 
The Albers Equal-Area Conic i s  probably seen more t h a n  the Lambert Conformal 
Conic as the projection for naps of the United States and i t s  larger regions. 
I n  1805, Albers showed t h a t  by proper spacing of the parallels on a conic 
projection, there j s  no area distortion, and along one o r  two s t anda rd  parallels 
there i s  no scale o r  angular distortion. 
until Oscar S. Adam of USC&GS began encouraging i t s  use for equal-area naps 
o f  the United States in the early p a r t  of the 20th century. 
The projection was nearly dormant 
Adams's tables o f  coordinates for the 48 States are based upon s t a n d a r d  
parallels o f  29-1/2' and 45-1/Z0 N. I t  should  be noted t h a t  the United 
States on the Albers projection cannot be distinguished from a Lambert 
Conformal Conic versior! i f  the projection i s  not identified, except by 
careful measurements. 
counterpart, has ccncentric arcs of  circles for parallels, and equally spaced 
radii as meridians. 
farthest a p a r t  i n  the latitudes between the s t anda rd  parallels and closer 
together t o  the north and south. The pole i s  not a t  the center of the circles,  
b u t  is normally an  arc i t se l f .  
Like the Lambert, the Albers, which is the equal-area 
The parallels are not equally spaced, but they are 
Scale along any given parallel i s  constant, as on the Lambert, with scale 
too smoll between the standard ;larallels, and too  large beyond then. The 
scale along the meridians i s  j u s t  the opposite, t o  maintain equal area. 
While A d a m  reconinended t h a t  s t a n d a r d  para1 le ls  be placed one-sixth of the 
displayed length of the central meridian from the northern and snrrthern 
l i ~ i i t s  o f  the map, t h i s  i s  empirical. 
i n  other ways. 
The s tandard  parallels may he selected 
Since meridians intersect parallels on the Albers a t  r i g h t  angles, i t  nay a t  
f i r s t  be t h o u g h t  t h a t  there i s  no angular distortion. I t  exists,  however, 
for any angle other t h a n  t h a t  between the meridian and parallel ,  except a t  
the standard paral le ls .  
Stereoqraphi: Project i on  
For larger-scale maps o f  p o l a r  regions, the Stereographic projection i s  
coranorlly used. 
or secant plane. 
globe. 
For the ellipsoid, i t  nay be one o r  the other, but  n o t  quite h o t h ;  i n  
practice, i t  i s  used confonnally i l l  every case. A l l  great and small 
This i s  a perspective projection o f  the sptiert! o n t o  a tangent 
The p o i n t  o f  perspective l ies  on t h e  o p p o s j t ~  side of the 
For the sphere, the Stereographic i s  b o t h  perspective and conformal. 
2 3 6  
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cir.cies ofi the rpha-e are s h m  as c i r c ? e s  c)r s t r a i g h t  l i n e s  on the map. 
This includes a l l  meridians and para l le ls .  
The Stereographic i s  a lso azimuthal, and l i n e s  o f  constant scale are c i r c l e s  
centered on the p ro jec t i on  center. 
than the pole i s  therefore of ten made t r u e  t o  scale t o  balance scale var ia-  
t i on .  The USGS has used the  p ro jec t i on  f o r  maps of the  e n t i r e  Antarc t i c  
cont inent as wel l  as f o r  1:250,000-scale quadrangles o f  portions. 
used f o r  po lar  por t ions o f  the In te rna t iona l  Map o f  the World, and f o r  por t ions 
o f  e x t r a t e r r e s t r i a l  bodies centered a t  the  poles o r  a t  basins elsewhere 
on the bodies. 
I n  the  po la r  aspect, a p a r a l l e l  o ther  
It i s  a lso 
Az imut ha1 Equ i d i s t  ant Pro j  ec t  i on 
Fami l i a r  t o  nany air-age a t l as  users i s  an azi f iuthal  p ro jec t i on  which shows 
both distances and d i rec t ions  c o r r e c t l y  from the chosen center of the map, 
whether the  North Pole o r  a major c i t y .  Scale i n  o ther  d i rec t i ons  varies, 
and i s  too great except a t  the center; there fore  shape and area are d is tor ted.  
I n  add i t ion  t o  several spher ical  appl icat ions,  the  Az imtha l  Equid is tant  
p ro jec t i on  has been used i n  the  e l l i p s o i d a l  form f o r  t h e  Plane Coordinate 
System o f  Micronesia, f o r  which each major i s l a n d  provides a center f o r  
one o f  the zones. 
Eecause o f  the increasing d i g i t i z a t i o n  of data from and onto many d i f f e ren t  
maps, most o f  these as wel l  as several other map pro ject ions have been 
programmed by USGS i n  both forward and inverse form, t o  t r a n s f o m  geodetic 
coordinates i p t o  rectangular coordinates, and v ice versa. 
i:: d e t a i l  a i l  i i ro ject ior ls which have been used by IISGS, i nc lud ing  numerical 
examples o f  formulas, i s  soori t o  be published. 
o f  both the past usage and c a p a b i l i t i e s  o f  nap pro ject ions w i l l  serve the  
pub l ic  a t  la rge  as wel l  as our own napping development. 
A b u l l e t i n  descr ib ing 
We hope tha t  such analyses 
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7.0 PRESENTATIONS ON PROCESSING AND V E R I F I C A T I O N  
7.1 SUMMARY 
For each  working group,  p o s i t i o n  p a p e r s  were g i v e n  t o  s u r v e y  t h e  s t a t e  of  t h e  
a r t  i n  a p p l i c a t i o n s  t e c h n i q u e s  and a n t i c i p a t e d  r e q u i r e m e n t s  and f o c u s  t h e  
workshop d i s c u s s i o n .  Three papers d i s c u s s e d  ways t o  impro-re p r o c e d u r e s  for  
i d e n t i f y i n g  and matching  ground c o n t r o l  p o i n t s  ( image s h a r p n e s s ,  f e a t u r e  ex- 
t r a c t i o n ,  in te r - image  ma tch ing) .  Three p a p e r s  rev iewed t h e  procedures and 
e s s e n t i a l  e l e m e n t s  i n  r e c t i f y i n g  images fo r  r e g i s t r a t i o n  and map r e p r o j e c t i o n  
(photogrammetr ic  and computa t iona l  a s p e c t s  of remapping and resampl  ing) . Two 
p a p e r s  used case s t u d i e s  t o  i l l u s t r a t e  t h e  complex, muit iple-component  cha rac -  
ter  o f  error c h a r a c t e r i z a t i o n / e r r o r  budge t  a n a l y s i s  and v e r i f i c a t i o n  proce-  
dures used  for  spaceborne  imaging s e n s o r  sys t ems .  
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7.2 A DISCUSSION OF IMAGE SHARPNESS, 
Paul Anuta, Purdue University 
There has been a great deal of wcrk done on image sharpening, image f i l t e r i n g  
and related areas. It is a very large f i e l d  of ac t iv i ty  wi th  hundreds of ref-  
erences which you could s i t e  i n  t h i s  area. The image sharpness problem can be 
perceived i n  terms of the block diagram i n  Figure I .  Basically a scene i s  
viewed by a senso;', and t h e  sensor has some sor t  of function which is a nor- 
point observing function. It's a function tha t  gathers energy from some re- 
gion around a point i n  the scene. That energy is  integratec and is x n t r i b u -  
ted t o  each point or  each sample t h a t  is taken of the scene. "he samples 
become the pixels,  and the pixels a re  assembled together into t h e  d i g i t a l  
image. Each one has some b l u r r  or some of what is called t h e  point 's  spread 
function creating the value of information or data tha t  you see i n  each pixel. 
Then the sensor and electronic part  of the system a c t s  on t h a t  signal out of 
t h e  sensor and perha,ps adds more blurring, more loss  of resolution to  t h e  sys- 
tem. Finally, sampling and quantization of the data produce t h e i r  effects .  
You sample the signal a t  some r a t e  and create the d i t i g a l  image from that .  
The sampling or digi t iz ing process p u t s  the continuous voltage or whatever you 
have into a number of discrete  binary levels ,  and you have another error  i n -  
troduced there. 
After quantization you end up w i t h  the d i g i t a l  array of numbers known as  the 
remote sensing image. It should be noted that  the point sprcsd function of 
the atmosphere is  something i n  addition t h a t  causes blurring A t h e  image a t  
the point the sensor sees it. 
The terminology of the imaging process often creates confusion. Table 1 sum- 
marizes the def ini t ions frequently used. The only term or function that  I 
fee l  comfortable w i t h  is t h e  point spread function, the function which de- 
scribes what an inf in i te ly  small source i n  the scene would look l ike  i n  the 
image. The image is spread by the optics and by the other e f fec ts  i n  these 
systems t o  produce the f i n a l  image. How tha t  is affected by the system is 
what we c a l l  the point spread function. 
The point spread function is  a two-dimensional function describing how a point 
is  b lur red  i n  the scene. The IFOV we take a s  a number; a s ingle  number t e l -  
l i n g  you w l x t  the resolution or s ize  of the point spread function is. That 
can be any functional derivation of the PSF and we l i k e  t o  use the gaussian 
point spread function due t o  the mathematical ease of applying i t ,  and we feel  
i t  relat ively well expresses t h e  imaging system. Effective f i e l d  of view and 
resolution f i e l d  of v i e w  i s  something to  be discussed i n  t h e  panels l a t e r  i n  
t r y i n g  t o  define what those mean. They describe the imaging aperture asso- 
ciated with the imaging process. 
The point spread function is  what we use t o  describe what's goin( cn in the 
imaging process and that  can include t h e  f i l t e r - l i k e  e f fec ts  of the sensor, 
actual optical  effects ,  and perhaps the atmospheric e f fec ts  also. Right along 
w i t h  tha t  is a function called the modulation transfor function which i s  t h e  
Fourier transform of the point spread function (Fikure 2). It  is the fre- 
quency domain representation o f  t h e  blur propert ies  of p u r  system. 
'Edited ora l  presentation. 
That is 
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what you seek t o  f ind f o r  an imaging system. It 's what def ines  t h e  sharpness,  
what w i l l  result  i n  the  p a r t i c u l a r  image sharpness t h a t  you have, and the  
problem then is t o  f igu re  out  what t o  do about t h a t .  Is i t  a s a t i s f a c t o r y  
c h a r a c t e r i s t i c  f o r  your system? If it i s n l t ,  what do you do t o  compensate f o r  
t he  e f f e c t s  of  t h a t ?  How do you sharpen the  image t h a t  you have other  than 
bui lding a whole new sensor t h a t  has a sharper o p t i c a l  cha rac t e r i s t i c?  Can 
you  mathematically process the  imagery t . ~  improve the  sharpness? 
Some other  terms a r e  shown i n  Figure 3; these include the  edge spread func- 
t i o n ,  the one-dimensional vers ion of t he  point spread function which t e l l s  you 
how the  response w i l l  look going over an edge i n  one d i r ec t ion  i n  an image. 
Then there  is the  term reso lu t ion ,  defined a s  t h e  number of black and white 
square bars  t h a t  can be discerned from a pa r t i cu la r  u n i t  d i s tance  i n  an image. 
Accoutance is  another term I ' m  not fami l ia r  with b u t  r e l a t ed  t o  the  s lops  of 
t he  edge spread function. We have not used t h a t  i n  any of our work. 
Defining t h e  point spread f u n c t i m  o r  t h e  sharpness of an image is done a f t e r  
t h e  sys tem is b u i l t  and i n  the  platform. That is a hard job: you normally do 
t h a t  i n  t h e  laboratory by spec ia l  t es t  panels,  scenes t h a t  you use t o  eva lca te  
t h e  system. Once i t ' s  i n  o r b i t ,  t ry ing  t o  check it au t  you need t o  t o  f i n d  
o p t i c s  i n  the  scene t h a t  w i l l  s imulate l ine  o r  point sourzes so t h a t  you can 
measure what those b lu r r  function a re .  You usual ly  assume separable  point 
spreaa funct ions so t h a t  l ines in o w  d i rec t ion  or another can be used  t o  
es t imate  t h a t  function. I f  i t ' s  not synmetric, you have a problem l i k e  the  
computer-aided tomography problem where you're t r y i n g  t o  image t h e  so l id  by 
using project ions and you have t o  def ine  l i n e s  a t  many d i f f e r e n t  d i r ec t ions  
and use techniques of  tomography t o  t r y  snd es t imate  the  p c i n t  sk-ead func-  
t i on .  
One can look a t  ar, image a s  a one-dimensional sequence of s t a i r - s t ep  changes 
t h a t  is convolved w i t h  t h e  point spread function i n  the  imaging process a s  + l e  
sensor scans across the  scene and produces a smootn cr blurred version of che 
scene (F igme  4). The idea is t? t r y  and ge t  back the  o r i g i n a l  image o r  o r i -  
g ina l  s iqna l .  The output is t h e  convolution s f  h ,  t h e  point  spread function 
and t':e image ca l led  x there .  I t  would apFf.w t h d t  a s imple  d iv is ion  i n  the  
frequency domain takes  the  Fourier transform of these functions.  T h i s  becomes 
a SiInPle d iv is ion  t o  remove the  e f f e c t  o f  h and you would ge t  x back. B u t  i t  
doesn ' t  work out t h a t  e a s i l y .  There are  noise e f f e c t s ,  and t h e r e ' s  the  prob- 
lem of  zero 's  of the  point spread function i n  the  frequency domairl causing 
discont inous points  i n  t h e  so lu t ion .  And it  t u r n s  cut t o  be a r a the r  t r i c k y  
problem t o  t r y  and do t h i s ,  And a g rea t  deal  of l i t e r a t u r e  is i n  existence on 
a t tack ing  t h i s  problem. 
There a r e  problems w i t h  t he  i. verse i n  t h a t  a s  l / h ( f )  goes t o  zero,  you have 
s i n g u l a r i t i e s ,  you f i n d  ghosts can be c rea ted ,  a r t i f a c t s  i n  t he  restored image 
due t o  t h e  combination of these problems of taking t h e  inverse ,  noise e f f e c t s  
and quant izat ion.  Quantization can amplify t h e  e f f e c t s  of noise and there  is 
more t o  t h a t  priblem than i e i t i a l l y  meets the  eye. Therefore,  we form a model 
t h a t  descr ibes  t h e  way y ~ u  want t o  take a look a t  the  problem and set: u p  t he  
mathematical representat ion of t h e  model, and then def ine  t h e  means of so lv ine  
for t h e  f i l t e r  you want which would be here. 
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7.3 THE DIGITAL STEP EDGE 
R o b e r t  )I. E a r a l i c k  
D e p a r t m e n t s  of E l e c t r i c a l  E n g i n e e r i n g  and  Computer  S c i e n c o  
B l a c k s b u r g ,  V i r g i n i a  2 4 0 6 1  
V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  a=d S t a t e  U n i v e r s i t y  
Abs t s a c  t 
We u s e  t h e  f a c e t  model t o  a c c o m p l i s h  s t e p  edge  d e t e c t i o n .  
The e s s e n c e  of  t h e  f a c e t  model i s  t h a t  any  a n a l y s i s  mare on t h e  
b a s i s  o f  t h e  p i x e l  v a l u e s  i n  some n e i g h b o r h o o d  h a s  i t s  f i n a l  
a u t h o r i t a t i v e  i n t e r p r e t a t i o n  r e l a t i v e  t o  t h e  u n d e r l y i n g  g r e y  t o n e  
i n t e n s i t y  s u r f a c e  of h-hich t h e  n e i g h b o r h o o d  p i x e l  v a l u e s  a r e  
o b s e r v e d  n o i s y  s a m p l e s .  
P i x e l s  which  a r e  p a r t  of r e g i o n s  have  s i m p l e  g r e y  t o n e  
i n t e n s i t y  s u r f a c e s  o v e r  t h e i r  a r e a s .  P i x e l s  which  have  an  edge 
i n  th6m have  complex g r e y  t o n e  i n t e n s i t y  s u r f a c e s  o v e r  t h e i r  
a r e a s .  S p e c i f i c a l l y ,  an edge  moves t h r o u g h  a p i x e l  i f  and  o n l y  
i f  t h e r e  i s  some p o i n t  in t h e  p i x e l ' s  a r e a  h a v i n g  a z e r o  c r o s s i n g  
of t h e  s e c o n d  d i r e c t i o n a l  d o r i v a t i v e  t e k e n  i n  t h e  d i r e c t i o n  of a 
Don-aero g r a d i e n t  a t  t h o  p i x e l ' s  c e n t e r .  
To d e t o r m i n e  w h e t h e r  o r  n o t  a p i x e l  s h o u l d  be marked h s  a 
s t e p  edge  p i x e l ,  i t s  u n d e r l y i n g  g r e y  t o n e  i n t e n s i t y  s u r f a c e  most  
be e s t i r a t o d  on t h e  b a s i s  of  t h e  p i x e l s  4n i t s  n e i g h b o r h o o d .  For  
2.1 
t h i s .  we u s e  a f u n c t i o n a l  fo rm c o n s i s t i n 3  o f  a l i n e a r  c o m b i n a t i o n  
o f  t h e  t e n s o r  p r a d a c t s  of  d i s c r e t e  o r t h o g o n a l  p o l y n o m i a l s  of  up 
t o  d e g r e e  t h r s e .  The a p p r o p r i a t e  d i r e c t i o n a l  d e r i v a t i v e s  a r e  
e a s i l y  computed from t h i s  k i n d  o f  a f u n c t i o n .  
Upon compar ing  t h o  p e r f o r m a n c e  of  t h i s  z e r o  c r o s s i n g  of  
s econd  d i r e c t i o n a l  d e r i v a t i v e  o p e r a t o r  w i t h  P r e r i t t  g r a d i e n t  
o p e r a t o r  and t h e  M a r r - E i l d r e t h  z e r o  c r o s s i n g  of L a p l a c i a n  
o p e r a t o r ' .  we f i n d  t h a t  i t  i s  t h e  b e s t  p e r f o r m e r  and  i s  f o l l o w e d  
by t h e  P r e r i t t  g r a d i e n t  o p e r a t o r .  The I a r r - E i l d r e t h  z e r o -  
c r o s s i n g  of  L a p l a c i a n  o p e r a t o r  p e r f o r m s  t h t  w o r s t .  
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1. I n t r o d u c t i o q  
What i s  an edge  i n  a d i g i t a l  image? The f i r s t  i n t a i t i v e  
n o t i o n  i o  t h a t  a d i g i t a l  edge  o c c u r s  on t h e  boundary  b e t w e e n  two 
p i x e l s  when t h e  r e s p e c t i v e  b r i g h t n e s s  v a l u e s  of t h e  two p i x e l s  
a r e  a i g n i f i c a n t l y  d i f f e r e n t .  S i g n i f i c a n t l y  d i f f e r e n t  may depend  
upon t h e  d i s t r i b u t i o n  o f  b r i g h t n e s s  v a l u e s  a r o u n d  e a c h  of  t h e  
p i x e l s .  
We o f t e n  p o i n t  t o  a r e g i o n  on an image and  s a y  t h i s  r e g i o n  
i s  b r i g h t e r  t h a n  i t s  s u r r o u n d i n g  a r e a ,  meaning t h a t  t h e  m e i i  of 
t h e  b r i g h t n e s s  v a l u e r  o f  p i x e l s  i n s i d e  t h e  r e g i o n  i s  b r i g h t e r  
t h a n  t h e  mean o f  t h e  b r i g h t n e s s  v a l u e s  o u t r i d e  t h e  r e g i o n .  
Having n o t i c e d  t h i s  we would t h e n  s a y  t h a t  a n  edge  e x i s t s  be tween  
e a c h  p a i r  o f  n e i g h h o r i o g  p i x e l s  where  eae p i x e l  i s  i n s i d e  t h e  
b r i g h t e r  r e g i o n  and  t h e  o t h e r  i s  o u t s i d e  t h e  r e g i o n .  Such e d g e s  
are  r e f e r r e d  t o  a s  s t e p  e d g e s .  
S t e p  e d g e s  a r e  n o t  t h o  o n l y  k i n d  of  e d g e .  I f  we s c a n  
t h r o u g h  L r o g i o n  i n  a l e f t  r i g h t  manner  o b s e r v i n g  t h e  b r i g h t n e s s  
v a l u e s  s t e a a i i l y  i n c r e a s i n g  and  t h e n  a f t e r  a c e r t a i n  p o i n t  o b s e r v o  
t h a t  t h e  b r i p l t n e 3 r  v a l u e s  a r e  s t e a d i l y  d e c r e a s i n g  we a r e  l i k e l y  
t o  a a v  t h .  t h e r e  i s  an edge  a t  t h e  p o i n t  of  change  from 
i n c r e a s i n g  t o  d e c r e a s i n g  b r i g h t n e s s  v a l u e r .  Such e d g e s  a r e  
c a l l e d  r o o f  e d g o s .  
I t  is, t h e r e f o r e ,  c l e a r  f rom o u r  u s e  of t h e  word edgc, t h s t  
edge  r e f e r s  t o  p l a e e s  i n  t h o  image where t h e r e  a p p e a r s  t o  b e  a 
jump i n  b r i g h t n e s s  v a l u e  o r  a l o c a l  e x t r e m a  i n  b r i g h t n e s s  v a l u e  
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d e r i v a t i v e .  Jumps i n  b r i g h t n e s s  v a l u e r  a r e  t h e  k i n d s  of  d g e s  
o r i g i n a l l y  d e t e c t e d  by  R o b e r t s  ( 1 9 6 5 ) .  R e l a t i v t  e x t r e m a  of  f i r s t  
d e r i v a t i v e  i n  a one d i m e n s i o n a l  form i s  u s e d  by E h r i c h  and  
S c h r o e d e r  ( 1 9 8 1 )  and  in an i s o t r o p i c  t w o - d i m e n s i o n a l  s u b o p t i m a l  
form by  H a r r  and  H i l d r e t h  ( 1 9 8 0 ) .  
In some sense t h i s  summary s t a t e m e n t  a b o u t  e d g e s  i s  q u i t e  
r e v e a l i n g  s i n c e  i n  a d i s c r e t e  a r r a y  of  b r i g h t n e s s  v a l u e s  t h e r e  
a r e  jumps. i n  t h e  l i t e r a l  s e n s e .  be tween  n e i g h b o r i n g  b r i g h t n e s s  
v a l u e s  i f  t h e  b r i g h t n e s s  v a l u e s  a r e  d i f f e r e n t ,  e v e n  i f  o n l y  
s l i g h t l y  d i f f e r e n t .  P e r h a p s  more t o  t h e  h e a r t  o f  t h s  m a t t e r .  
t h e r e  e - i s t s  no d e f i n i t i o n  o f  d e r i v a t i v e  f o r  a d i s c r e t e  a r r a y  o f  
b r i g h t n e s s  v a l u e s .  The o n l y  way t o  i n t e r p r e t  jumps i n  v a l u e  o r  
l o c a l  e x t r e m a  of d e r i v a t i v e s  when r e f e r r i n g  t o  a d i s c r e t e  a r r a y  
of  v a l u e s  i s  t o  assume t h a t  t h e  d i s c r e t e  a r r a y  o f  v a l u e s  comes 
a b o u t  a s  tome k i n d  of  s a m p l i n g  of  a r e a l - v a l u e d  f u n c t i o n  d e f i n e d  
on a bounded and  c o n n e c t e d  s u b s e t  of t h e  r e a l  p l a n e  R2. The 
jumps i n  v a l u e  o r  e x t r e m a  i n  d e r i v a t i v e  r e a l l y  must r e f e r  t o  
p o i n t s  of  h i g h  f i r s t  d e r i v a t i v e  o f  f and t o  p o i n t s  of r e l a t i v e  
e x t r e m a  i n  t h e  s e c o n d  d e r i v a t i v e s  of f .  Edge d e t e c t i o n  L u s t  t h e n  
i n v o l v e  f i t t i n g  a f u n c t i o n  t o  t h e  sample  v a l u e s .  P r e w i t t  ( 1 9 7 0 ) .  
was t h e  f i r s t  t o  s u g g e s t  t h e  f i t t i n g  i d e a .  H e a c k e l  ( 1 9 7 1 .  1 9 7 3 ) .  
Brooks  ( 1 9 7 8 ) .  H a r a l i c k  ( 1 9 8 0 ) .  H a r a l i c k  and Watson ( 1 9 8 1 1 ,  
Y o r g e n t h a l e r  and ‘ l o r e n f o l d  ( 1 9 8 1 1 ,  Zucke r  and Hummel ( 1 9 7 9 1 ,  and 
Y o r g e n t h a l e r  (1981) a l l  u s e  t h e  s u r f a c e  f i t  c o n c e p t  in 
d e t e r m i n i n g  e d g e s .  
Edge f i n d e r s  s h o u l d  t h e n  r e g a r d  t h e  d i g i t a l  p i c t u r e  f u n c t i o n  
as  8 sampl’ng o f  t h e  u n d e r l y i n ~  f u n c t i o n  f ,  w h e r e  some k i n d  o f  
random n o i s e  h a s  b e e n  a d d e d  t o  t h e  t r u e  f u n c t i o n  v a l u e s .  To d o  
t h i s ,  t h e  e d g e  f i n d e r  m u s t  assume soma k i n d  o f  p a r a m e t r i c  f o r m  
f o r  t h e  u n d e r l y i n g  f u n c t i o n  f ,  u s e  t h e  s a m p l e d  b r i g h t l l e s s  v a l u e s  
o f  t h e  d i g i t a l  p i c t u r e  f u n c t i o n  t o  e s t i m a t e  t h e  p a r a m e t e r s .  a n d  
f i n a l l y  make d e c i s i o n s  r e g a r d i n g  t h e  l o c a t i o r i s  o f  d i s c o n t i n u i t i e s  
a n d  t h e  l o c a t i o n s  o f  r e l a t i v e  e x t r e m a  o f  p a r t i a l  d e r i v a t i v e s  
b a s e d  on t h e  e s t i m a t e d  v a l u e s  o f  t h e  p a r a m e t e r s .  
Of c o u r s e ,  i t  i s  i m p o s s i b l e  t o  d e t e r m i n e  t h e  t r u e  l o c a t i o n s  
o f  d i s c o n t i n u i t i e s  in v a l u e  o r  r e l a t i v e  e x t r e m a  in d e r i v a t i v e s  
d i r e c t l y  f r o m  a s a m p l i n g  o f  t h e  f u n c t i o n s .  The l o c a t i o n s  a r e  
e s t i m a t e d  b y  f u n c t i o n  a p p r o x i m a t i o n .  S h a r p  d i s c o n t i n u i t i e s  c a n  
r e v e a l  t h e m s e l v e s  i n  h i g h  v a l u e s  f o r  e s t i m a t e s  of  f i r s t  p a r t i a l  
d e r i v a t i v u s .  F ~ l a t i v e  e x t r e m a  i n  f i r s t  d i r e c t i o n a l  d e r i v a t i v e  
c a n  r e v e a l  t h e m s e l v e s  a s  z e r o - c r o s s i n g s  o f  t h e  s e c o n d  d i r e c t i o n a l  
d e r i v a t i v e .  T h u s ,  i f  we a s s u m e  t h a t  t h e  f i r s t  a n d  s e ~ o n d  p a r t i a l  
d e r i v a t i v 6 s  o f  any p o s s i b l e  o n d e r l y L n g  image f u n c t i o n  h a v e  known 
b o u n d s .  t h e n  any e s t i m a t e d  f i r s t  o r  s e c o n d  o r d e r  p a r t i a l s  w h i c h  
e x c e e d  t h e s e  known b o u n d s  m u s t  b e  d u e  t o  u i s c o n t i e u i t i e s  in v a l u e  
o r  in d e r i v a t i v e  o f  t h e  u n d e r l y i n g  f u n c t ! o n .  T h i s  i s  b a s i s  f o r  
t h e  g r a d i e n t  m 8 g n i t u d e  a n d  L a p l a c i a u  m a g n i t u d e  e d g e  d e t e c t o r s .  
HOTeVet, e d g e s  c a n  b e  r e a l  b u t  w e l l  l o c a l i z e d .  S u c h  e d g e s ,  as 
w e l l  a s  t h e  s t r o n g  e d g e s  j u s t  d i s c u s s e d ,  m a n i f e s t  t h e m s e l v e s  a s  
l o c a l  e x t r e m a  o f  t h e  c e r i v r  ve t a k e n  a c r o s s  t h e  e d g e .  T h i s  i d e n  
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f o r  e d g e s  i s  t h e  b a s i s  o f  t h e  edge  d e t e c t o r  d i s c u s s e d  h e r e .  
In t h i s  p a p e r ,  we assume t h a t  i n  e a c h  n e i g h b o r h o o d  of  t h e  
image t h e  u n d e r l y i n g  f u n c t i o n  f t a k e s  t h e  p a r a m e t r i c  fo rm of a 
p o l y n o m i a l  in t h e  row and column c o o r d i n a t e s  and  t h a t  t h e  
s a t p l i n g  p r o ~ u c i n g  t h e  d i g i t a l  p i c t u r e  f u n c t i o n  i s  a r e g u l a r  
e q u a l  i n t e r v a l  g r i d  s a m p l i n g  of t h e  s q u a r e  p l a n e  whicd  i s  t h e  
domain o f  f .  As j u s t  m e n t i o n e d ,  we p l a c e  e d g e s  n o t  a t  l o c a t i o n s  
of h i g h  & r a d i a n t ,  b u t  a t  l o c a t i o n s  0 :  s p a t i a l  g r a d i e n t  maxima. 
Yore p r e c i s e l y ,  a p i x e l  i s  marked a s  a n  edge  p i x e l  i f  i n  t h e  
p i x e l ' s  immedia t e  a r e a  t h e r e  i s  a z e r o  c r o s s i n g  of  t h e  s e c o n d  
d i r e c t i o n a l  d e r i v a t i v e  t a k e n  i n  t h e  d i r e c t i o n  of  t h e  g r a d i e n t .  
Thus  t h i s  k i n d  of  edge  d e t e c t o r  w i l l  r e s p o n d  t o  weak b u t  
s p a t i a l l y  peaked  g r a d i e n t s .  
The u n d e r l y i n g  f u n c t i o n s  from which  t h e  d i r e c t i o n a l  
d e r v i a t i v e s  a t e  computed a r e  e a s y  t o  r e p r e s e n t  a s  l i n e a r  
c o a b t n a t i o n s  o f  t h e  p o l y n o m i a l s  in any p o l y n o m i a l  b a s i s  s e t .  
T h a t  p o l y n o m i a l  b a s i s  s e t  which p e r m i t s  t h e  i n d e p e n d e n t  
e s t i m a t i o n  o f  e a c h  c o e f f i c i e n t  would be t h e  e a s i e s t  t o  u s e .  Such 
a p o l y n o m i a l  b a s i s  s e t  i s  t h e  d i s c r e t e  o r t h o g o n a l  p o l y n o m i a l  
b a s i s  s e t .  
S e c t i o n  I1 d i s c u s s e s  t h e  p o l y n o m i a l s .  In s e c t i o n  11.1 we 
d i s c u s s  how t o  c o n s t r u c t  t h e  one d i m e n s i o n a l  f a m i l y  of d i s c r e t e  
o r t h o g o n a l  j ao iynomia l s .  In s e c t i o n  1 1 . 2  we d i s c u s s  how a r b i t r a r y  
two d i m e n s i o n a l  p o l y n o m i a l s  c a n  be compo'ed a s  l i n e a r  
c o m b i n a t i o n s  of  t h e  t e n s o r  p r o d u c t s  of 0-8 c ' - m e n s i o n a i  d i s c r e t e  
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orthogonal polynomials. In section 11.3, we discuss how the 
discretaly sampled data values a r e  use to estimate the 
coefficients of the linear combinations: coefficient estimates 
for exactly fitting o r  estimates for least square fitting a r e  
oalculrted as linear corbinatiozs of the sampled d a t a  values. 
Having used the pixel values in a neighborhood t o  estimate 
the underlying polynomial function we c a n  now determine the value 
of the partial derivatives at any location in the neighborhood 
8nd u s e  those values in edge finding. Having t o  deal w i t h  
partials in both the row and column directions m a k e s  usins these 
deriv8tives a little more conplicated than using the simple 
derivatives o f  one dinensionrl functions. Section I11 discusses 
tha directional derivative, how it is relatcd to the row and 
column partial derivatives, and how the coefficients of the 
fitted polynomial get used in the edge detector. In section IV 
we discass the statistical confidence of the estimate of edge 
existence and the edge angle. In section V we show resulc 
indicating the superiority of the directional derivative 18-0 
ororsing edge operator over the Prewiti jr.’dient operator and the 
related Yarr-Hildre-h zero-crossin, of the Laplacian operator. 
11. e_ilorrth P o l 3 . n o a u h  
These polynomials are sometimes called the discrete 
Chebycheo polynorials (Beckmann, 1973). Sn thir section re r ‘  w 
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3 
how t o  c o n s t r u c t  them f o r  on0 o r  two v a r i a b l e s  and  how t o  nso 
thorn i n  f i t t i n g  d a t a .  
11.1 Pl,nrofe Q r t h o r o  a a l  -nomiat C o n r t r u c t i c n  T e c t n i a o o  
L e t  t h o  i n d e x  r a t  R b o  r rynmotr ic  i n  t h o  s e n s e  t h a t  re8  
i m p l i o r  - r t B .  L o t  P n ( r )  be t h o  n th  o r d e r  p o l y n o m i a l .  We 
d e f i n e  t h e  c e n s t r a s t i o n  t o c h n i q n o  for d i s c r e t e  o r t h o g o n a l  
p o l y n o m i a l s  i t o r a t i r o l y .  
D e f i n e  P,(r) = 1. 
Soppore  "* ( r ) ,  . . . , I?n..l(r) have  b e e n  do f  i n c d  f n  g e n e r a l ,  
P n ( r :  = r a + ~ ~ - ~ r  n-1 + ... + a l r  + a O .  Pn(r) - . u r t  be o r t h c g o n r l  
t o  e a c h  p o l y n o m i a l  P O ( r ) , . . . B P n - l ( r ) .  Honce, we most : * v e  t h e  a 
e q u t r t i o n s  
a n-1 + ... + a l r  + a,) = 0 ,  k=O ,... , n -1  (1) 2 P,(r)(r + 
r t R  
Thoro  e q o a t i o n ;  a r o  l i n e a r  e q u a t i o n s  i n  t h o  -.ik..own a O B  ..Ban-l 
and a r e  o a r i l y  s o i r e d  b y  s t a n d a r d  t e c h n i q u e s .  
The f i r s t  f i v o  p o l y n o m i a l  f u n c t i o n s  f o r r n a l a s  arL- 
wher; 
11.2 &p D i m e n s i o n a l  m . : r e t e  O r t h o r o n a l  P , l y n o r n i L l .  
Two dimensional d i s c r e t e  o r t h o g o n a l  p o l y n o m i a l s  c a n  be 
c r e a t e d  f r c m  two s e t s  of one d i m e n s i o n a l  d i s c r e t e  u r t s o g o n a l  
polynomials b j  t a k i n g  t e n s o r  praductt. L e t  R an; C be i n & e r  a e t s  
satisfyin, t h e  symmetry c o n d i t i o n  rcR i n p l i e s  - r e 8  and ceC 
irplic - c t C .  L e t  f P 0 ( r ) ,  ... PN(r)l b e  a s e t  o f  d i s c r e t e  
p o l y n o m i a l s  on B .  Let ( Q , ( J : ,  ..., Q , ( c ) )  b e  a s e t  o f  d i d c r e t e  
p o l y n o r i a i r  on c Ther t h e  sa: 
! ? , ( r ) Q o ( c )  ,..., P, ( . )Q, (c )  ,..., F ~ ( r ) Q # ( a j l  i s  L z r t  of  d i t c r 6 . 0  
p c l y n o m i a l  s on 3 X C .  
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The proof of this fact is easy. Consider whether Pi(r)Q.:c) 3 
is orthogonal to Pn(r)Qm(c). when n # i or m # j. T h e n  
r eB c eC 
S i n c e  n # i or m # j one or other of the sums must be zero. 
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(-112, 1/21 (1. r1 
(-1, 0, 11 (1, r, r2 - 2/31 
(-2/3, -112. 112, 3!21 (1. r, r2 - 5 1 4 ,  r3 - 41J2Orl 
{-2, -1. 0 .  1. 21 (1, t. r2 - 2, r3 - 1115 .  
r' + 3,' + 72/35] 
(-1 ,o  s11 x I-1 , o  ,11 1: .r .c . r2 - 213 , tc c 2  - 213 . 
r(c2 - 2/31, c(r2 - 2/31, 
( r 2  - 2/3)(c2 - 2/31) 
F i g a r e  1 8 n d  2 rhow some of t h e  window m a r k s  asad for t h e  3 I 3 
and 4 x 4 ~8.6~. 
201 
+----+----+---- + 
I -1 I -1 I -1 I 
+----+----+---- + 
l/6 I - 2  I -2  I -2  I 
+----+----+---- + 
I l l  1 1  1 1  
+----+----+---- + 
r2-2/3 
Figure 1 illustrated the Y orsks & o r  the 3 x 3  window 
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1 1 1 1 1 1 1 1  I 
1 1 1 1 1 1 1 1  I 
I l l l l l l l  I 
+----+----+-----+---- + 
I -3  I - 3  I - 3  I - 3  I 
1 / 4 0  i -1 I -I I -1 I -1 I 
I l l  1 1  1 I l l  
I 3 1  3 1  3 I 3 1  
+----+----+-----+---- + 
+----+----+-----+---- + 
+----+----+-----+---- + 
+----+----+-----+---- + 
I 
F i g u r e  2 i l l u s t r a t e s  t h e  r a r k a  u s e d  t o  o b t a i n  t h e  c o e f f i c i e n t s  
o f  all p o l y n o m i a l s  up t o  the quadratic onea f o r  a 4 x 4  w i n d o w .  
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11.3 F i t t i n t  D a t a  With  : ) r t h o n o n a l  w n o a i a l s  
L e t  an i n d e x  s e t  B w i t h  t h e  symmetry p r o p e r t y  r e 8  i m p l i e s  
- r a B  be g i v e n .  L e t  t h e  number o f  e l e m e n t s  i n  R be N. Using  
t h e  c o n s t r u c t i o n  t e c h n i q u e ,  we map c o n s t r u c t  t h e  s e t  
~ P o ( r ) , . . . , P N - l ( r ) )  of d i s c r e t e  o r t h o g o n a l  p o l y n o m i a l s  o v e r  B. 
For e a c h  t 8 R I  l e t  a d a t a  v a l u e  d ( r )  be o b s e r v e d .  The 
0 ' " ' '  'N-1 e x a c t  f i t t i n g  p r o b l e m  i s  t o  d e t e r m i n e  c o e f f i c i e n t s  a 
s u c h  t h a t  
The o r t h o g o n a l i t y  p r o p e r t y  makes t h e  d e t e r m i n a t i o n  of t h e  
c o e f f i c i e n t s  p a r t i c u l a r l y  e a s y .  To f i n d  r h e  v a l u e  of some 
c o e f f i c i e n t ,  s a y  am, m u l t i p l y  b o t h  r i d e s  of t h e  e q u a t i o n  by P m ( r )  
and t h e n  t h e  sum over a 1 1  r a R .  
N-1 
Bence ,  
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The & o p r o r i m a t e  f i t t i n g  p rob lem i s  t o  d e t e t m i n e  c o e f f i c i e n t s  
K N - 1  s u c h  t h a t  0 ' " ' '  aK ' a 
K 
raR n-0 
m '  
2 
i s  m i n i m i z e d .  To f i n d  t h e  v a l u e  o f  some c o e f f i c i e n t .  s a y  a 
t 8 k e  t h e  p a r t i a l  d e r i v a t i v e  o f  b o t h  s i d e s  o f  t h e  e q u & t i o n  f o r  e 
w i t h  r e s p e c t  t o  a i .  S e t  i t  t o  z e r o  a n d  u s e  t h e  o r t h o g o n a l i t y  
p r o p e r t y  t o  f i n d  t h a t  a g a i n  
r a R  r a R  
The e x a c t  f i t t i n g  c o e f f i c j e n t s  r o d  t h e  l e a s t  s q u a r e s  c o e f f i c i e n t s  
a r e  i d e n t i c a l  f o r  m * 0 . .  ..,K. 
F i t t i n g  t h e  d a t a  v a l u e i  ( d ( r ) l r t R )  t o  t h c  polyncmial 
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K 
now p e r m i t s  us t o  i n t e r p r e t  Q ( r )  a s  a w e l l  b e h a v e d  r e a l - v a l u e d  
f u n c t i o n  d e f i n e d  on t h e  r e a 1  l i n e .  To d e t e r m i n e  
dQ 
-- ( to )  
d r  
we n o e d  only t o  e v a l u a t e  
N 
"n 
d r  
> an - - - ( ro)  
n=O 
In t h i s  m a n n e r .  any d e r i v a t i v e  a t  any p c i n t  m a y  b e  o b t a i n e d .  
S i m i l a r l y  f o r  any d e f i n i t e  i n t e g r a l s .  B e a u d o t  (1978) u s e s  t h i s  
t e c h n i q u e  f o r  e s t i m a t i n g  d e r i v a t i v e s  e m p l o y e d  i n  r o t a t i o n a l l y  
i n v a r i a n t  image o p e r a t o r s .  
I t  s h o u l d  b e  n o t e d  t h a t  t h e  k e r n e l  u s e d  t o  e s t i m a t e  a 
d e r i v a t i v e  d e p e n d s  on t h e  n e i g h b o r - o o d  s i z e .  t - e  o r d e r  of  t - e  
f i t .  and  t h e  b a s i s  f u n c t i o n s  u s e d  f o r  t h e  f i t .  F i g u r e  3 
i l l u s t r a t e s  o n e  e x a m p l e  o f  t h e  d i f f e r e n c e  t h o  a s s u m e d  n o d e l  
makes . T h i s  d i f f e r e n c e  mean$ t h a t  t h e  model  u s e d  must be 
j u s t i f i e d .  t h e  j u s t i f i c a t i o n  b e i n g  t h a t  i t  i s  a good f i t  t o  t h e  
d r t a .  In p a r t i c u l a r .  a n o t  s u f f i c i e n t l y  g o o d  j u s t i f i c a t i o n  f o r  
2 66 
u s i n g  f i r s t  o r d e r  m o d e l s  i s  t h a t  f i r s t  o r d e r  p a r t i a l  d e r i v a t i v e s  
a r e  b e i n g  e s t i m a t e d .  
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A s s u r e d  M o d e l  
g(r,c)= aOO+alOr+aO1c 
a + a20(r2-2/3)+allrc +a 02 ( ~ ~ - 2 1 3 )  
+ a21(r2-2/3)c + a12(c2- 2/3)r 
E e r n e l  Mask f o r  Row Derivrrtive 
I 0 1-1 I 0 I 
112 I o  I o  I o !  
l 0 l l l O l  
F i g u r e  3 i l l u s t r a t e s  t h a t  the a s s u m e d  m o d e l  d o e s  r a k e  a 
d i f f e r e n c e  in the k e r n e l  mask u s e d  t o  e s t i m a t e  a q u a n t i t y  s u c h  a s  
IOT derivativo. 
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111. The P i r e c t i o n a l  D e r i v a t i v e  Edge F i n d e r  
We d e n o t e  t h e  d i r e c t i o n a l  d o r i v a t i v e  o f  f a t  t h e  p o i n t  ( r , c )  
i n  t h e  d i r e c t i o n  a b y  f ' ( r , c ) .  I t  i s  d e f i n e d  a s  a 
The d i r e c t i o n  a n g l e  a i s  t h e  c l o c k w i s e  a n g l e  f r o m  t h e  c o l u m n  
a x i s .  I t  f o l l o w s  d i r e c t l y  f r o m  t h i s  d e f i n i t i o n  t h a t  
1 
f ( r , c )  = d f ( r , c )  o i n a  + G ( r , c )  c o s a  ( 5 )  
a r  a c  a 
We d e a o t o  t h e  s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  o f  f a t  t h e  
I t  
p o i n t  ( r , c )  i n  t h o  d i r e c t i o n  a 9 y  fa ( r , c )  a n d  i t  q u i c k l y  
io1 l o w s  t h a  t 
a 2 f r i n 2 a  + 2a  2 t s i n a  c o s a  + a 2 f c o s  2 a 
a r 2  a r c  a C  
1 1  = e-- --- --- 
2 f a  ( 6 )  
T a k i n g  f t o  b e  a c u b i c  p o l y n o r i r l  i n  r a n d  c w h i c h  c a n  b e  
e s t i ~ a t e d  by t h e  d i r c r e t e  o r t h o g o n a l  p o l y n o m i a l  f i t t i n g  
p r o c e d a r e ,  we c a n  c o m p o t e  t h e  g r a d i e n t  of  f a n d  t h e  g r a d i e n t  
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d i r e c t i o n  a n g l e  a t  t h e  c e n t e r  of t h e  n . t i ghborhood  u s e d  t e  
e s t i m a t e  f .  L o t t i n g  f bo e s t i m a t e d  a s  a two d i m e n s i o n a l  c u b i .  
f ( r , c )  = k1 + k 2 r  + k3c  
+ k,r2 + k 5 r c  + k 6 c  2 
we o b t a i n  a by  
sina - k 2 / ( k 2  2 + k3’) * 5  
c o s a  = k3/(k2 2 + k3 2 )  . 5  
A t  any p o i n t  ( r , c ) ,  t h o  s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  i n  t h e  
d i r e c t i o n  a is g i v e n  b y  
( 9 )  2 
# *  
f ( r , c )  = (bk, sin a + 4k8 s i n a c o s a  + 2kg c . \ s 2 a ) r  
0 
2 2 + (Lkl0 c o s  a + 4kg r i n a  c o s a  + 2 k g  sin a ) c  
2 2 + (2k4 s i n  a + 2 k 5  r i n a  c o s a  + 2k6 c o s  a )  
Ye w i s h  t o  only c o n s i d e r  p o i n t s  ( r , c )  on t h e  l i n e  i n  
d i r e c t i o n  a .  Hence,  r - p s i n a  a n d  c - p c o s a .  Then 
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(10) 3 2 
t *  
f a  ( p )  = 6[k,sin a + k g s i n  a c o s a  
+ k 9 s i n o  c o s  2 a + klOcos 3 a l p  
+ 2[k4 s i n  2 a + k5 r i n a  c o s a  + k6 c o s  2 a1 
= A p + B  
# *  I 
I f  f o r  some p ,  I p l  < p o ,  f a  ( p )  = 0 a n d  fa(p) C 0 r e  h a v e  
d i s c o v e r e d  a z e r o - c r o s s i n g  o f  t h e  s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  
t a k e n  i n  t h e  d i r e c t i o n  of t h e  g r a d i e n t  and w e  m a r k  t h e  c e n t e r  
p i x e l  of t h e  n e i a h b o r h o o d  a s  an e d g e  p i x e l .  
I V .  S t a t i s t i c a l  A n a l y s i s  
In t h i s  s e c t i o n  we show how t h e  r a n d o m n e s s  o f  t h e  n o i s e  
i n d u c e s  a r a n d o m n e s s  i n  t h e  l e a s t  s q u a r e s  c o e f f i c i e n t s  a n d  t h e n  
how t h e  r a n d o m n e s s  o f  t h e  l e a s t  s q u a r e s  c o e f f i c i e n t s  i n d u c e s  a 
r a n d o m n e s s  i n  t h e  e s t i m A t e d  g r a d i e n t  v a l u e ,  t h e  e s t i m a t e d  a n g l e  
o f  t h e  g r a d i e n t ,  a n d  t h e  e r t i m a t e d  l o c a t i o n  o f  t h e  z e r o - c r o s s i n g .  
I V . l  G e n e r a l  
We l e t  p,, n=l,...,N d e n o t e  t h e  names  of  t h e  d i s c r e t e  
o r t h o n o r m a l  b a r i r  f u n c t i o n s ,  q d e n o t e  t h e  i n d e p e n d e n t  a n d  
i d e n t i c a l l y  d i s t r i b u t e d  n o i s e ,  a n d  g d e n o t e  t h e  g r a y  tone 
i n t e n s i t y  f u n c t i o n .  Uncles t h i s  m o d e l ,  t h e  o b s e r v e d  image  c a n  be 
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w r i t t e n  a s  
and t h o  l e a s t  s q u a r e s  o s t i m a t o s  a i ,  ..., a i  f o r  t h e  unknown 
c o e f f i c i e n t s  a l , . . . , a n a r e  g i v e n  by 
S u b s t i t u t i n g  t h e  f o r m u l a  f o r  g(r,c) i n t o  t h e  e q u a t i o n  
for a: at . :  s i m p l i f y i n g  r t d u l t s  i n  
c l e a r l )  s h o w i n g  t h a t  a: h a s  a d o t e r m i ) i ; t i c  p a r t  a n d  a random 
p a r t ,  t h o  r a n d o m n e s s  b e i n g  d u e  t o  t b s  ~ a i s t .  We a s s u a e  t h a t  t h e  
n o i s e  is i n d e p e n d e n t  n o r m a l  h a v i n g  moan 0 a n d  v a r i a n c e  a . 2 
v a s  i a n c  e n' T h a r e f o r e ,  t h o  o r t i m a t o d  c o e f f i c i e n t  a 6  h a s  m e a n  a 
a2  and i s  o n c o r r e l a t o d  w i t h  e v e r y  o t h e r  c o e f f i c i e n t :  
27? 
E [a; a;] = aman, m # n  
2 2  E [ai2] = an+ a 
The r e s i d u a l  e r r o r  e i s  d e f i n e d  a s  t h e  d i f f e r e n c e  b e t r e e n  
t h e  o b s s r r t d  v a l u e s  and f i t t e d  v a l u e s .  I t  t o o  i s  a random 
v a r i a b l e .  
N 
e ( r . c )  = g ( r , c )  - 1 a i  p n ( r , c )  
n=l 
I t  i s  n o t  d i f f i c u l t  t o  s e e  t h a t  a t  e a c h  ( r , c ) ,  t h e  r e s i d u a l  e r r o r  
has m e a n  zero and i s  oncsrrelated w i t h  e a c h  e r t i a a t e d  c o e f f i c i e n t  
a '  s i n c e  n 
E La: 8 ( r , c ) j  = O 
A f t e r  some 8 I g e b r r i c  s c b r t i t a t i o n s  and a a n i p a l a t i o n ,  t h e  t o t a l  
residual e r r o r ,  S 2 ,  can  be  w r i t t e n  a s  
Thus, if the noise is asrured normal and there are K pixels io a 
window 
2 2 2 1 q (r.c)/ u has XkD 
r D c  
a chi-squared variate with K daares of freedom. 
N 
n= 1 
2 2 which mates 1 e (r,c) have XL-N 
r b c  
IV.2 EstimatinA t4n First P a r t i a u  
If t h e  discrete orthogonal basir functions a r t  polynomials 
then each first partial derivative at ( 0 . 0 )  in the row and column 
directions is aiven a s  some linear combination of the -stimated 
coefficients. Furthermore, tne linear combination for the row 
partial will be orthogonal to the linear combination in t h e  
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column partial. Lattin( the coefficients of the linear 
combination for the row partial be sl, ... .sN and the coefficients 
tN' of the linear combination for the column partial be tl...., 
where 
N N 
we have, 
as the true but unknown values of the row and c o l u m n  partials. 
The estimates are 
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N 
N 
p i  * 1 tn a i  
B x l  
and t h e y  h8vs  m o a n  and vari8nco liven b y  
Honce ,  t h e  e s t i m a t e s  f o r  tho row and column partial derivatives 
a r e  a n c o r r e l a t e d .  
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; 4 . 3  Bl~pothesis Testink For Z e r o  Gradient 
T o  see the effect of the randomness on the estimate of 
the gradient magnitude, consider testing tho hypothesis that 
= 0. T h i s  hypothesis must be rejected if there is uc A = =  r 
' 0  be a zero-crossing of second directional derlv8tivs. Cnder 
his hypothesis, 
2 has a x2 distribution. 
The total residual error normalized by the noise variance, 
S A I a - ,  has a XK-N distribution. - 7  2 Hence 
distribution and the hypothesis of pr= p C =  0 r 2 ,  E-N has a 
would be rejected for suitably large values, 
I V . 4  nfidence Intervak For Gradient Direction 
To s e e  the effect of the randomness on the estimate of the 
direction of the gradient, consider the relationships portrayed 
in figure ' .  The ares are the l ow and column partials p r  and 
pc. Tie direction angle 8 of the gradient is given by 
The c a n t e r  o f  t h e  c i r c l e  i s  a t  t h e  e s t i m a t e  (pi,p;). Upon 
s u b s t i t u t i n g  t h e  s t t i m a t e a  w i  and pd f o r  pr  a n d  p c ,  w e  
o b t a i n  t h e  e s t i m a t e d  d i r e c t i o n  a n g l e  8'  by 
cc.s 9' = pi/(p',+ 2 p , 2 p 2  
s i n  8' = p ; / ( p e r +  2 p , 2 ) 1 / 2  
C ( 1 7 )  
From a B a y e s i a n  p o i n t  of v i e w ,  t h e  a r e a  of  t h e  c i r c l e  
r e p r e s e n t s  t h e  c o n d i t i o n a l  p r o b a b i l i t y  t h a t  t h e  unknovn 
( P r  * IC 1 l i e s  w i t h i n  a d i s t a n c e  B f r o m  t h e  o b s e r v e d  
(JA;,~;)  g i v e n  t h a t  t h e  v a r i a n c e  o f  p i  a n d  p i  i s  known 
and e q u a l  t o  ku . 
n o i s e ,  t h i s  c o n d i t i o n a l  p r o b a b i l i t y  i s  q = 1-8 
Assuming a n o r m a l  d i s t r i b u t i o n  f o r  t h e  2 
2 2 
HenC8, -It 12ku  
i f  p r o b a b i l i t y  q i s  g i v e n .  t h e  c o r r e s p o n d i n g  r a d i u s  It is 
(18) 1/2 B = k a [ - 2  l o g ( l - q ) l  
To d e t e r m i n e  8 c o n f i d e n c e  i n t e r v a l  f o r  0 of t h e  fora 
8'  - A I  8 le*+ A p  we h a v e  f r o m  f i g u r e  4 t h a t  
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Note t h a t  t h e  2A c o n f i d e n c e  i n t e r v a l  l e n g t h  d e p e n d s  on t h e  
p r o b r b i l i t y  q of  t h e  c i r c l e  c o n f i d e n c e  r e g i o n  f o r  ( p r D p c )  
and t h e  unknown n o i s e  v a r i a n c e  u 2 . h l t h o u g h , 0 2  i s  n o t  
known, we do  know S2 which h a s  a a2 X2K-N d i s t r i b u t i o n .  
h a n d l e  t h e  p rob lem of ths unknown a2 by d e t e r r i n i n a  a j o i n t  
c o n f i d e n c e  region f o r  ( p r . p c )  and  u2 ( F o u t r . 1 9 8 1 ) .  
p t o  be t h o  p r o b a b i l i t y  t h a t  a c h i - s q u a r e d  random v a r i a b l e  w i t h  
X-5 d e g r e e s  of f r eedom h a s  a n  o b s e r v e d  V41Pe g r e a t e r  t h a n  X 
we have  t h e  c o n f i d e n c 8  i n t e r v a l  
a t  l e a s t  p r o b a b i l i t y  p .  R e p l a c i n 8  a' i n  e q u a t i o n  (19) 
We c a n  
T a k i n g  
2 
1-N P 
2 n  ( 0 ,  S /XLK-N,p] f o r  a2 h a v i n g  
2 2  we o b t a i n  by f x  N-E,p 
A c o n f i d e n c e  i n t e r v a l  for 6 h a v i n g  a t  l e a s t  p r o b a b i l i t y  p q  is t h e n  
( e ' -  h .  e * +  A). 
I 
I 
COLIJNN I 
PABTiAL I 
ROW PARTIAL pE 
Figure 4 illustrates the geometry of the confidence interval 
estimation for the edle angle. 
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IV.5 m o t h a s i s  T e s t i n a  
I n  t h i s  s e c t i o n  we f i r s t  t a k e  t h e  e d g o  d i r e c t i o n  a t o  b e  a 
i s  n o r m a l  h a v i n g  mean (::)and c o v a r i a n c e  a 2 
f i x e d  c o n s t a n t .  
t h e  random v a r i a b l e s  A and B a p p e a r i n g  i n  e q u a t i o n  (10). The 
!le l e t  pA a n d  vB b e  t h e  e x p e c t e d  v a l u e s  o f  
'A * 
* 'B 
n u l l  h y p o t h e s i s  i s  t h a t  a n  e d g e  e x i s t s .  The  n u l l  h y p o t h e s i s  i s  
s a t i s f i e d  i f  f o r  some p ,  o 1 p d ,  p A p  + pB = 0 .  
The o b s e r v e d  random v a r i a b l e s  a r e  A, B. a n d  t h e  r e s i d u a l  
2 f i t t i n g  e r r o r  S . The b i v a r i a t e  random v a r i a b l e  
r 1 
L -J 
w h e r e  kA and k B  a r e  known c o n s t a n t s .  For a window o f  K p i x e l s  
2 2  2 and a c u b i c  f i t ,  S l a  has a Xis-io. 
From t h i s  i t  f o l l o w s  t h a t  
h a s  an F K-lo d i s t r i b u t i o n .  
W e  d e f i n e  B [ ( x , y ) l f o r  some p .  o p 1 d, x p  + y = 
0 )  Then t h o  n u l l  h y p o t h e s i s  i s  r e j e c t e d  a t  t h e  p s i g n i f i c a n c e  
l e v e l  i f  
2 K-10 1 - y '  i s  l a r g e r  t h a n  F 
An e d g e  s t r e n g t h  p i o b a b i l i t y  c a n  b e  d e f i n e d  b y  q w h e r e  q 
s a t i s f i e s  
Of c o u r s e  t h e  e d g e  d i r e c t i o n  a i s  not f i x e d .  B u t  we d o  
h a v e  a c o n f i d e n c e  i n t e r v a l  f o r  i t .  And f o r  e a c h  v a l u e  o f  a i n  
t h e  c o n f i d e n c e  i n t e r v a l ,  t h e  random v a r i a b l e  A(a) a n d  B(a) 
c a n  b e  c o m p u t e d  a n d  t h e  n u l l  h y p o t h e s i s  t e s t e d .  I f  f o r  a 1 1  a 
i n  t h e  c o n f i d e n c e  i n t e r v a l  t h e  n u l l  h y p o t h e s i s  i s  r e j e c t e d ,  t h e n  
t h e  e x i s t e n c e  o f  a n  e d g e  i s  a l s o  r e j e c t e d .  
In p r a c t i c e ,  r e  c a n  p e r f o r m  a n o n - e x a c t  h y p o t h e s i s  t e s t  
s e l e c t i n g  o n l y  t h e  l e f t  e n d ,  m i d d l e ,  a n d  r i g h t  end v a l u e s  of a 
f r o m  i t s  c o n f i d e n c e  i n t e r v a l .  I f  f o r  e a c h  o f  t h e s e  t h r e e  v a l u e s  
o f  a t h e  n u l l  h y p o t h e s i s  i s  r e j e c t e d ,  t h e n  t h e  e x i s t e n c e  o f  a n  
e d g e  i s  a l s o  r e j e c t e d .  
V. E ~ ~ e r i m Q n t a l  R e s u l t s  
To u n d e r s t a n d  t h e  p e r f o r m a n c e  of  t h e  s e c o n d  d i r e c t i o n a l  
d e r i v a t i v e  z e r o - c r o s s i n g  d i g i t a l  s t e p  e d g e  o p e r a t o r  we examin.8 
i t s  b e h a v i o r  on a w e l l  s t r u c t u r e d  s i m u l a t e d  d a t a  s e t  a n d  on a 
r e a l  a e r i a l  i m a g e .  For t h e  s i m u l a t e d  d a t a  s e t ,  we u s e  a 1 0 0 ~ 1 0 0  
p i x e l  image of a c h e c k e r b o a r d ,  t h e  c h e c k s  b e i n g  2 0 ~ 2 0  p i r e l r .  
The d a r k  c h e c k s  h a v e  g r a y  tone i n t e n s i t y  7 5  and t h e  l i g h t  c h e c k s  
h a r e  g r a y  t o n e  i n t e n s i t y  175. T o  t h i s  p e r f e c t  c h e c k e r b o a r d  we 
a d d  i n d e p e n d e n t  G a u s s i a n  n o i s e  h a v i n g  mean z e r o  a n d  s t a n d a r d  
d e v i a t i o n  50. D e f i n i n g  t h e  s i g n a l  t o  n o i s e  r a t i o  a s  10 t i m e s  t h e  
l o g a r i t h m  of t h e  r a n g e  o f  s i g n a l  d i v i d e d  b y  RMS of t h e  noise, t h e  
s i m u l a t e d  image h a s  a 3 d b  s i g n a l  t o  n o i s e  ratio. T h e  p e r f e c t  
a n d  n o i s y  c h e c k e r b o a r d s  a r e  s h o w n  in f i g u r e  S .  
S e c t i o n  V.l i l l u s t r a t e s  t h e  p e r f o r m n n s e  of t h e  c l a s s i c  3 x 3  
e d g e  o p e r a t o r s  w i t h  a n d  w i t h o u t  p r e a v e r a g i n g  c o m p a r e d  a g a i n s t  t h e  
g e n e r a l i z e d  P r e n i t t  operator. S e c t i o n  V.2 i l l u s t r a t e s  t h e  
p e r f o r m a n c e  of t h e  M a r r - B i l d r e t h  zero-crossing of L a p l a c i a n  
o p e r a t o r ,  t h e  1 1 x 1 1  P r e w i t t  o p e r a t o r ,  a n d  t h e  1 1 x 1 1  zero-crossing 
o f  s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  operator. T h e  zero-crossing of 
s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  s u r p a s s e s  t h e  p e r f o r m a n c e  o f  t h e  
o t h e r  t w o  on t h e  t w o f o l d  b a s i s  of p r o b a b i l i t y  of c o r r e c t  
a s s i C n m e n t  a n d  e r r o r  d i s t a n c e  w h i c h  is d e f i n e d  a s  t h e  a v e r a g e  
d i s t a n c e  t o  c l o s e s t  t r u e  e d g e  p i x e l  of p i x e l s  w h i c h  a r e  a s s i 8 n e d  
non-edge b u t  w h i c h  a r e  t r u e  e d g e  pixels. 
V.l C l a s s i c  E d g e  O p e r a t o r s  
T h e  c l a s s i c  3 x 3  g r a d i e n t  o p e r a t o r s  a l l  p e r f o r m  b a d l y  as 
s h o w n  in f i g u r e  6. N o t e  t h a t  t h e  u s u a l  d e f i n i t i o n  of t h e  R o b e r t s  
o p e r a t o r  has b e e n  m o d i f i e d  in t h e  n a t u r a l  w a y  s o  t h a t  it u s e s  a 
3 x 3  mask. 
A v e r a g i n g  b e f o r e  t h e  a p p l i c a t i o n  of the g r a d i e n t  o p e r a t o r  is 
c o o s i d e r e d  to b e  t h e  c u r e  for s u c h  b a d  p e r f o r m a n c e  o n  n o i s y  
F i g u , e  5 i l l u s t r a t e s  t h e  noisy c h e c k e r b o a r d  u s e d  i n  t h e  
e x p e r i m e n t s ,  L o w  i n t e n s i t y  i s  7 5  h i g h  i n t e n s i t y  i s  1 7 5 .  
S t a n d a r d  d e v i a t i o n  o f  n o i s e  i s  5 0 .  
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i m a g e s  ( B o s e n f e l d  a n d  K a k ,  1 9 7 6 ) .  F i g u r e  6 a l s o  s h o w s  t h e  same  
o p e r a t o r s  a p p l i e d  a f t e r  a box f i l t e r i n g  w i t h  a 3 x 3 ,  5x5, a n d  7 x 7  
n e i g h b o r h o o d  s i z e s .  
Xn a l t e r n a t i v e  t o  t h e  p r e a v e t a g i n g  i s ;  t o  d e f i n e  t h e  g r a d i e n t  
o p e r a t o r  w i t h  a l a r g e r  v d o n .  T h i s  i s  e a s i l y  d o n e  w i t h  t h e  
P r z w i t t  o k e r a t o r  ( P r e + i t t , l 9 7 0 )  w h i c h  f i t s  a q u a d r a t i c  s u r f a c e  i n  
e v e r y  window a n d  u s e s  t h e  s q u a r e  r o o t  o f  t h e  sum o f  t h e  s q u a r e s  
o f  t L  c o e f f i c i e n t s  o f  t h e  l i a e a r  t e r m s  t o  e s t i m a t e  t h e  g r a d i e n t .  
( A  l i n e a r  f i t  a c t u a l l y  y i e l d s  t h e  same  r e s u l t  f o r  t h e  ~ o l p n o l a i a l  
b a s i c  f u n c t i o n .  A c u b i c  f i t  i s  t h e  f i r s t  h i g h e r  o r d e r  f i t  w h i c h  
w o u l d  y i e l d  a d i f f e r e n t  r e s u l t . )  T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  
7 .  A 3x3 p r e - a v e r a g e  f o l l o w e d  b y  a 3 x 3  g r a d i e n t  o p e r a t o r  y i e l d s  
a r e s u l t i n g  n e i g h b o r h o o d  s a z e  o f  5x5. T h u s  i n  f i g u r e  7 w e  a l s o  
show t h e  3x3 p r e a v e t a g e  f o l l o w e d  b y  a 2 x 3  g r a d i e n t  u n d e r  t h e  5 x 5  
P r e w i t t  a n d  we show t h e  5x5 p r e - a v e r a g e  f o l l o w e d  b y  t b e  3x3 
g r a d i e n t  u n d e r  t h e  7 x 7  P r e w i t t .  The  n o i s e  is h i g h e r  i n  t h e  p r e -  
a v e r a g e  e d g e - d e t e c t o r .  F o r  c o m p a r i s o n  p u r p o s e s  t h c  5 x 5  N e v a t i a  
a n d  Babu ( 1 9 7 9 )  c o m p a s s  o p e r a t o r  i s  shown  a l o n g s i d e  t h e  f f 
P r e w i t t  i n  f i g u r e  8 .  T h e y  g i v e  v i r t u a l l y  t h e  same r e s u l t .  The  
P r e w i t t  o p e r a t o r  h a s  tire a d v a n t r g e  o f  r e q u i r i n g  h a l f  t h e  
c o m p u t a t i o n .  
I t  i s  o b v i o u s  f r o m  t h L s e  r e s u l t s  t h a t  g o o d  g r a d i e n t  
o p e r a t o r s  m z s t  h o v e  . I r g e r  n e i g h b o r h o o d  s i z e s  t h a n  3 x 3 .  
U n t ' c : t a n a t e l y ,  t h e  l a r g e r  n e i g h b o r h o o d  s i z e s  a l s o  y i e l d  t h i c k e r  
e d g e s  


To d e t e c t  e d g e s ,  t h e  g r a d i e n t  v a l u e  m u s t  be  t h r e s h o l d e d .  In 
e a c h  c a s e ,  we c h o s e  a t h r t s h o l d  v a l u e  w h i c h  m a k o s  t h e  c o n d i t i o n a l  
p r o b a b i l i t y  of a s s i g n i n g  an e d g e  g i v e n  t h a t  t h e r e  i s  a n  e d g e  
e q u a l  t o  t h e  c o n d i t i o n a l  p r o b a b i l i t y  of  t h e r e  b e i n g  a t r u e  e d g e  
g i v e n  t h a t  an e d g e  i s  a s s i g n e d .  T r u e  e d g e s  a r e  e s t a b l i s h e d  b y  
d e f i n i n g  them t o  b e  t h e  two p i x e l  w i d e  r e g i o n  i n  w h i c h  e a c h  p i x e l  
n e i g h b o r s  some p i x e l  h a v i n g  a v a l u e  d i f f c r e r t  f r o m  i t  on t h e  
p e r f e c t  c h e c k e r b a a i d .  F i g o z e  9 shows  t h e  t h r e s h o l d e d  P r e r i t t  
o p e r a t o r  ( q u a d r a t i c  f i t )  for a v a r i e t y  of n e i g h b 2 r h o o d  s i z e s .  
N o t i c e  t h a t  b e c a u s e  t h e  g r a d i e n t  i s  z e r o  a t  t h e  s a d d l e  p o i n t s  
( t h e  c o r c e r  w h e r e  i o n =  c h e c k s  m e e t ) ,  any o p e r a t o r  d e p e n d i n g  o n  
t h e  g r a d i e n t  t o  d e t e c t  a n  e d g e  w i l l  h a v e  t r o u b l e  t h e r e .  
V . 2  S e c o n d  D e r i v a t i v e  Z e r o  C r o s s i n g  Edge  O p e r a t o r - s _  
Y a r r  a n d  C i l d r e t h  (1980) s u g g e s t  an e d g e  o p e r a t o r  b a s e d  o n  
t h e  z e r o  c r o s s i n g  o f  J g e n e r a l i z e d  L a p l r c i s n .  I n  e f f ~ c t .  t h i s  i s  
n o n - d i r e c t i o n a l  o r  i s o t r o p i c  s e c o n d  d e r i v a t i v e  z e r o  c r o s s i a g  
o p e r a t o r .  The m a s k  f o r  t h i s  g e n e r a l i z e d  L a p l s c i a n  o p e r a t o r  is 
g i v e n  by  s a m 2 1 i n g  t h e  k e r n e l  
a t  row co lum c o o r d i n a t e s  ( r , c )  d e s i g n a t i n g  t h e  c e n t e r  o f  e a c h  
p i ~ e l  p o s i t i c n  i n  t h e  n e i g h b o r h o o d  a n d  t h e n  s e t t i n g  t h e  v a l u e  k 
s o  t h a t  t t c  sum o f  t h e  r e s u l t i n g  w e i g h t s  i s  z e r o .  E d g e s  a r e  

d e t e c t e d  a t  a l l  p i x e l s  whose  g e n e r a l i z e d  L a p l a c i a n  v a l u e  i s  o f  
o n e  s i g n  a n d  o n e  of w h o r e  n e i g h b o r s  h a s  a g e n e r a l i z e d  L a p l a c i a n  
v a l u e  o f  t h e  o p p o s i t e  s i g n .  A z e r o - c r o s s i n g  t h r e s h o l d  s t r e n g t h  
c a n  b e  i n t r o d a c e d  Zexe  3 y  i n s i r r i n g  t h a t  t h e  d i f f e r e n c e  b e t w e e n  
t h e  p o s i t i v e  v r l a ~  a n d  t h e  n e g a t i v e  v a l u e  must e x c e e a  t h e  
t h r e s h o l * i  v a l u e  b e f o r e  ths p i x e l  i s  d e c l a r e d  t o  b e  sc. *: ‘&e ; ; i x e l .  
F i g u r e  IO t l l u s t r a t e s  t h e  e d g e  i m a g e s  p r o d u c e d  b y  t h i s  t e c h n i q u e  
f o r  a v a r i e t y  of t h r e s h o l d  v a l u e s  a n d  a v a r i e t y  o f  v a l u e s  f o r  a 
f o r  a n  11 b y  11 w i n d e r .  I t  is a p p a r e n t  t h a t  i f  a l l  e d g e  p i x e l s  
a r e  t o  b e  d e t e c t e d ,  t h e r e  w i l l  be many p i x e l s  d e c l a r e d  t o  b e  e d g e  
p i x e l s  w h i c h  a r e  r e a l l y  n o t  e d g e  p i x e l s .  And i f  t h e r e  a r e  t o  b e  
ILO p i x e l s  w h i c h  a r e  t o  be  d e c l a r e d  e d g e  p i x e l s  w h i c h  a r e  n o t  e d g  
p i x a l s ,  t h e n  t h e r e  w i l l  b e  many e d g e  p i x e l s  w h i c h  a r e  not 
d e t e c t e d .  I t s  p e r f o r m a n c e  is p o o r e r  t h a t  t h e  P r e w i t t  o p e r a t o r .  
The d i r e c t i o n a l  s e c o n d  d e r i v a t i v e  z e r o  c r o s s i n g  e d g e  
o p e r a t o r  i n t r o d u c e d  :n t h i s  p a p e r  is shown i n  f i g u r e  11 f o r  a 
v a r i e t y  of  g r a d i e n t  t h r e s h o l d  v a l u e s .  I f  t h e  g r a d i e n t  e x c e e d s  
t h e  t h r e s h o l d  v a l u e  a n d  a z e r o - c r o s s i n g  o c c u r s  i n  a d i r e c t i o n  o f  
- + 14.9 d e g r e e s  o f  t h e  g r a d i e n t  d i r e c t i o n  w i t h i n  a c i r c l e  o f  o n e  
p i x e l  l e n g t h  c e n t e r e d  i n  t h e  p i x e l ,  t h e n  t h e  p i x e l  i s  d e c l a r e d  t o  
be a c  e d g e  p i x e l .  T h i s  t e c h n i q z t  p e r f o r m s  t h e  x o r s t  a t  t h e  
s a d d l e  p o i n t s ,  t h e  c o r n e r  w h e r e  f o u r  c h e c k s  m e e t  b e c a u s e  o f  t h e s e  
b e i n g  a z e r o  g r a d i e n t  t h e r e .  
T a b l e  1 s h o r t  t h e  c o m p a r i s o n  among t h e  P r e w i t t  o p e r a t o r  a n d  
t h e  d i r e c t i o n a l  and th:: M a r r - H i l d r e t h  n o n - d i z e c t i o n a l  s e c o n d  


d e r i v a t i v e  z e r o  c r o s s i n g  e d g e  c t p e r a t o r s .  The t h r e s h o l d  u s e J  is, 
a s  b e f o r e ,  t h e  one  e q u a l i z i n g  t h e  c o n d i t i o n a l  p r o b a b i l i t y  o f  
a s s i g n e d  e d g e  g i v e n  t r u e  e d g e  a n d  t h e  c o n d i t i o n a l  p r o b a b i l i t y  of 
t r u e  e d g e  g i v e n  a s s i g n e d  e d g e .  I t  is c l e a r  t h a t  t h e  p e r f o r m a n c e  
o f  t h e  d i r e c t i o n a l  d o r i v a t i v e  o p e r a t o r  i s  b e t t e r  t h a n  t h e  2 r e w i t t  
o p e r a t o r  and  t h e  M a r r - E i l d r e t h  o p e r a t o r ,  b o t h  on t h e  b a s i s  of t h e  
c o r r e c t  a s s i g n m e n t  p r o b a b i l i t y  a n d  t h e  e r r o r  d i s t a n c e  w h i c h  i s  
t h e  a v e r a g e  d i s t a n c e  t o  c l o s e s t  t r u e  e d g e  p i x e l s  o f  p i x e l s  w h i c h  
a r e  a s s i g n e d  non-edge l a b e l s  b u t  w h i c h  a r e  t r u e  e d g e  p i x e l s .  
F i g u r e  1 2  shows t h e  c o r r e s ? o n d i n g  e d g e  i m a g e s  o f  t h e  1 1 x 1 1  
P r e w i t t  o p e r a t o r  usiz.4 a c u b i c  f i t  r a t h e r  t h a n  a q u a d r a t i c  f i t ,  
t h e  1 1 x 1 1  M a r r - H i l d r o t h  o p e r a t o r ,  and t h e  1 1 x 1 1  d i r e c t i o n a l  
d e r i v a t i v e  z e r o - c r o s s i n g  o p e r a t o r .  The  t h r e s h o l d s  u s e d  a r e  t h e  
o n e s  t o  e q u a l i z e  t h e  c o n d i t i o n a l  p r o b a b i l i t i e s  a s  g i v e n  i n  T a b l e  
1. A v i s u a l  e v a l u a t i o n  s l s o  l e a v e s  t h e  i m p r e s s i o n  t h a t  t h e  
d i r e c t i o n a l  d e r i v a t i v e  o p e r a t o r  p r o d u c e s  b e t t e r  e d g e  c o n t i n u i t y  
a n d  h a s  l e s s  n o i s e  t h a n  t h e  o t h e r  t w o .  
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F o r  t h e  c a s e  o f  c o n s t a n t  v a r i a n c e  a d d i t i v e  n o i s e ,  
t h r e s h o l d i n g  o n  t h e  b a s i s  o f  t h e  h y p o t h e s i s  t e s t  o f  s e c t i o n  IV.3 
y i e l d s  e s s e n t i a l l y  t h e  same r e s u l t s  a s  s i m p l y  t h r e s h o l d i n g  t h e  
g r a d i e n t  v a l u e .  
F i g u r e  13 i l l u s t r a t e s  t h e  s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  z e r o  
c r o s s i n g  o p e r a t o r  on a n  a e r i a l  i m a g e  w h i c h  h a s  b e e n  m e d i a n  
f i l t e r e d  s n d  t h e n  e n h a n c e d  b y  r e p l a c i n g  e a c h  p i x e l  w i t h  t h e  
c l o s e r  of  i t s  3x3 n e i g h b o r h o o d  minimum o r  maximum. T h e  t e c h n i q u e  
i s  s o  g o o d  t h a t  i t  i s  p o s s i b l e  t o  d e t e r m i n e  r e g i o n  b o u n d a r i e s  
e s s e n t i a l l y  b y  d o i n g  a c o n n e c t e i  c o m p o n e n t s  o n  n o n - e d g e  p i x e l s .  
F i g u r e  1 3 b  s h o w s  t h e  c l e a n e d  e d g e  i m a g e  w h i c h  i s  o b t a i n e d  b y  
d o i n g  a c o n n e c t e d  c o m p o n e n t s  o n  t L e  non e d g e  p i x e l s ,  :hen 
r e m o v i n g  a l l  p i x e l s  whose  r e g i o n  h a s  f e w e r  t h a n  2 0  p i x e l s .  The  
r e s u l t i n g  b o u n d a r i e s  a r e  g i v e n  a s  p i x e l s  w h i c h  h a v e  a n e i g h b o r  
w i t h  a d i f f e r e n t  l a b e l  t h a n  i t s  own. 
I n i t i a l  raw e d g e s  w h i c h  l e a v e  g a p s  i n  a r e g i o n  b ~ u n d a r y  w i l l  
i n  e f f e c t  make t h e  r e g i o n s  m e r g e  i n  t h e  c o n n e c t e d  c o m p o n e n t s  
s t e p .  T h u s  t h e  s m a l l  number  o f  m i s s i n g  b o u n d a r i e s  i s  s u r p r i s i n g .  
To b e  s u r e ,  we a r e  n o t  a d v o c a t i n g  c o n n e c t e d  c o m p o n e n t s  a s  a n  
image  s e g m e n t a t i o n  t e c h n i q u e .  T h e  f a c t  t h a t  i t  w o r k s  a s  w e l l  a s  
i t  d o e s  i s  a n  i n d i c a t i o n  o f  t h e  s t r e n g t h  o f  t h e  e d g e  d e t e c t o r .  
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Prenitt Marr-Hildreth Directional Derivative 
Parameters Gradient Zero-crossing 
Threshold = 18.5 Strength = 4.0 
u = 5 . 0  
P(AE~TE) , 6 7 3 8  
P(TE~AE) .6872 
Error Distance 1.79 
,3977 
.4159 
1.76 
Gradient 
Threshold=l4.0 
p = . 5  
.7207 
.7157 
1.16 
Table 1 compares the performance of three edge operators using an 
11x11 window on the noisy checkerboard image. Threshclds are chosen 
to equalize, as best a s  possible, P!AEITE), the conditional 
probability of assigned edge given true edge and the conditional 
probability, P(TE1AE) of true edge given assigned edge. The error 
distance is the average distance to closest true edge pixels of pixels 
which are assigned non-edge but which are true edge. 
VI. Conc l o r  ips 
We h a v e  a r g u e d  t h a t  n u m e r i c  d i g i t a l  image  o p e r a t i o n s  s h o u l d  
b e  e x p l a i n e d  i n  t e r m s  o f  t h e i r  a c t i o n s  on t h e  u n d e r l y i n g  g r a y  
t o n e  i n t e n s i t y  s u r f a c e  o f  w h i c h  t h e  d i g i t a l  i m a g e  i s  an o b s e r v e d  
n o i s y  s a m p l e .  We c a l l e d  t h i s  m o d e l ,  t h e  f e c e t  m o d e l  f o r  d i g i t a l  
image p r o c e s s i n g  a n d  showed how t h e  f a c e t  m o d e l  ca r ,  b e  u s e d  t o  
e s t i m a t e  i n  e a c h  n e i g h b c r h o o d  t h e  u n d e r l y i n g  g r a y  t o n e  i s t e n s i t y  
s u r f a c e .  
Ye d e s c r i b e d  a d i q i t a l  s t e p  e d g e  o p u r a t o r  w h i c h  d e t e c t s  
e d g e s  a t  a l l  p i x e l s  whose  e s t i m a t e d  s e c o n d  d i r e c t i o n a l  d e r i v a t i v e  
t a k e n  i n  t h e  d a r a c t i o n  o f  t h e  g r a d i e n t  h a s  II z e r o  c r o J s i n g  w i t h i n  
t h e  p i x e l ' s  d r e a .  W e  d i s c u s s e 4  t h e  s t a r i s t i c a l  a n a l y s i s  o f  f . h i s  
t e c h n i q u e ,  i l l u s t r a t i n g  how t o  d e t e r m i n e  c o n f i a e n c e  i n t t r v n ! . ~  f o r  
t h e  d i r e c t i o n  o f  t h e  g r a d i e n t  a n d  hcw t h i s  ' c L d e t e r m i n  A a 
c o n f i d a n c e  i n t e r v a l  f o r  t h e  p l a c e m e n t  o f  t h e  z e r c - c r o s s i n g  
l e  h a v e  comphred  t h e  p e r f o r m a n c e  o f  t h e  d i r e s t i o n a l  
d e r i v a t i v e  z e r o  c r o s s i n g  e d g e  o p e r a t o r  w i t h  t h a t  clf t h e  o l n s s i c  
e d g e  o p e r a t o r s ,  t h e  g c n e r a l i z e d  P r e w i t t  g r a d i e n t  o p e r a t o r ,  a n d  
t h e  M a r r - H i l d r e t h  z e r o  c r o s s i n g  e d g e  o p e r 2 t o r .  We f o u n d  t h a t  i n  
b o t h  t h e  s i m u l r t e d  a n a  r e a l  image d a t a  s e t s  t h e  d i r b c t i o n a l  
d e r i v a t i v a  z e r o  c r o s s i n g  e d a e  o p e r a t o r  h a d  s u p e r i o r  p e r f  rmanc.. 
We h a v e  i l l u s t r a t e d  t h a t  f o r  g o o d  p e r f o r m a n c e  i t  i s  
i m p o r t a n t  t o  u s e  l e r g e r  n e i g h b o r h o o d  s i z e s  t h a n  3 x 3  a n d  h a v e  
shown t h a t  5 e t t a r  r e s u l t s  a r e  a c h i t v e o  b y  d e f i n i n g  t h e  c d f t  
o ? e r a t o *  n a t u r a l l y  i n  t h e  l a r i e  n e i g h b o r h o o d  r a t h e r  t h a n  p r e -  
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a v e r a g i n g  and t h e n  using a s m a l l e r  x e i g h b o r h o o d  edge  o p e r a t o r  o n  
t h e  a v e r a g e d  image.  
T h e r e  i s  much work y e t  t o  be done .  We need  t o  e x p l o r e  t h e  
r e l a t i o n s h i p  o f  b a s i s  f u n c t i o n  k i n d ,  ( p o l y n o m i a l ,  t r i g n o m e t r i c  
po lynomia l  e t c . ) ,  o r d e r  of f i t ,  and n e i g h b o r h o o d  s i z e  t o  t h e  
goodness  of f i t .  E v a l u a t i o n  must  be made of t h e  c o n f i d e n c e  
in t e rva : s  p roduced  by t h e  t e c h n i q u e .  The t e c h n i q u e  n e e d s  t o  be  
g e n e r a l i z e d  so  t h a t  i t  works on s a d d l e  p o i n t s  c r e a t e d  by two 
edgea c r o s s i n g .  A s u i t a b l e  edge  l i n k i n g  method n e e d s  t o  be 
d e v e l o p e d  which u s e s  t h e s e  c o n f i d e n c e  i n t e r v a l s .  Ways of 
i n c o r p o r a t i n g  s e m a n t i c  i n f o r m a t i o n  a n d  ways of i s i n g  v a r i a b l e  
r e s o l u t i o n  need  t o  be d e v e l o p e d .  An a n a l o g o u s  t e c h n i q u e  f o r  r o o f  
edges  needs t o  be d e v e l o p e d .  We hope to e x p l o r e  t h a s e  issues i n  
f u t u r e  p a p e r s .  
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FOREWORD 
T h i s  paper w a s  i n v i t e d  t o  provide a rekiew of t h e  p o r t i o n  of t h e  r e g i s t r a -  
t i o n  p rocess  r e l a t i n g  t o  determining r e l a t i v e  p o s i t i o n s  of r e f e r e n c e  and r e g i s -  
t r a n t  images a t  a set of l o c a t i o n s  w i t h i n  t h e  images and embodiment of t h o s e  
p o s i t i o n s  i n  a r e f e r e n c e - t o - r e g i s t r a n t  mapping f u n c t i o n .  There was a n  unfor-  
t u n a t e l y  s h o r t  t ime a v a i l a b l e  between r eques t  and conference d a t e ,  and as a 
r e s u l t  t h e  review i s  n o t  as thorough as t h e  a u t h o r s  would have l i k e d  t o  have 
g iven .  N e  are most f a m i l i a r  with tke processing of e a r t h  c b s e r v a t i o n s  from 
Landsat,  and have concentrated o u r  review on t h e  processing of  Landsat d a t a  by 
t h e  Master Data Processor  (MDP) a t  t h e  Goddard Space F l i g h t  Center (GSFC), t h e  
r e g i s t r a t i o n  processor  i n s t a l l e d  a t  t h e  Johnson Space Center  (JSC), t h e  r e g i s -  
t r a t i o n  p rocess  used i n  t h e  DA'I ( d e t e c t i o n  and mapping) Package i n  conjunct ion 
w i t h  a Carps of Fngineers p r o j e c t  t o  map s u r f a c e  water, t h e  r e g i s t r a t i o n  p rocess  
used by t h e  LACIE processor  ;t CSFC, and :he s e q u c n t k l  s i m i l a r i t y  d e t e c t i o n  
a lgo r i thm (SSDAj used by IBM/Houston i n  t h e  e v a l u a t i o n  of t h e  LACIE processor  
imagery. Our review s l i g h t s  t h e  body of  information a v a i l a b l e  from m i l i t a r y  
researcL, i n  which shape r e c o g n i t i o n  aiid a r t i f i c i a l  i n t e l l i g e n c e  p l ay  a promi- 
nent  p a r t .  In  t h a t  f i e l d ,  t h e r e  is Literest i n  f i n d i n g  o b j e c t s  t h a t  have 
changed p o s i t i o n  wi th  r e s p e c t  t o  a f i x e d  background, o r  monitor ing changes i n  
a spec t  f o r  guidance, and t h e r e  is o f t e n  l i m i t e d  i n t e r e s t  i n  s p e c t r a l  develop- 
ment. 
s p e c t r a l  development has t aken  p l ace  (obse rva t ions  are made throughout a c r a p  
year f o r  a g r i c u l t u r a l  a p p l i c a t i o n s ) ,  a l though f o r  t h e  most p a r t  t h e  scene ' s  
b a s i c  geometr ical  shape is unchanged. To some e x t e n t  f i e l d  boundaries  change 
from y e a r  t o  year, but t h i s  is u s u a l l y  a small enough effect so as n o t  t o  i n t e r -  
fere wi th  t h e  r e g i s t r a t i o n  p rccess .  In  t h e  presence of s p e c t r a l  development, 
one does n o t  o r d i n a r i l y  c o r r e l a t e  beLween images on t h e  r ed iance  measuremeni 
making u p  t h e  pa ren t  image. but  i n s t e a d  r e l i e s  on a d e r i v a t i v e  f e a t u r e  ( i n  our  
case, edges) that one hopes w i l l  be s t a b l e  d e s p i t e  s p e c t r a l  dcvelopment. We 
d e f e r  t h e  d i s c u s s i o n  of e x t r a c t e d  feature s e l e c t i o n  t o  o t h e r  papers being p re -  
sented a t  t h i s  workshop, n o t i n g  i n  pas s ing  t h a t  w e  are most f a m i l i a r  w i th  t h e  
e d g e d e t e c t i o n  algori thm implemented i n  both t h e  PInP and t h e  J S C  r e g i s t r a t i o n  
p rocesso r .  T h i s  p a p e r  f u r t h e r  c o n c e n t r a t e s  on automated inter image c o r r e l a t i o n ;  
:he manual techniques involved i n  t h e  DAY 2ackage and o t h e r  s y s t e m s  a re  a funda- 
mental ly  d i f f e r e n t  technology. F i r s t ,  of cour se ,  t h e  p o i n t s  of correspondence 
Our own f i e l d  of concen t r a t ion  involves  images in which c o n s i d e r a b l e  
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between images are manual ly  determined. Second, t h e  i n t e r p r e t a t i o n  is normally 
done on r ad iance  images transformed i n t o  v i s u a l  p r e s e n t a t i o n s .  And f i n a l l y ,  
t h e  manual techniques are t y p i c a l l y  done on a p o i n t  basis w i t h  only co i l t ex tua l  
involvement of t h e  neighborhood around t h e  p o i n t  des igna ted  as be ing  in 
correspondence. I n  t h e  inage comparisons d i s c u s s e d  i n  this paper ,  measures 
of similarity are made over areal extents  of s u b s e t s  of t h e  pa ren t  images, as 
opposed t o  p o i n t s .  
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In t roduc t ion  
Inter image matching i s  t h e  process  of determining t h e  geometric t r a n s -  
formation r equ i r ed  t o  conform s p a t i a l l y  one image t o  a n o t h e r .  I n  Z r i n c i p l e ,  
t h e  parameters of t h a t  i r m s f o r m a t i o n  are v a r i e d  u n t i l  some measure of  " d i f f e r -  
ence" between t h e  two inages  is minimized o r  some measure of  "sameness" (e.g., 
c r o s s - c o r r e l a t i o n )  is  maximized. 
f a i r l y  l a r g e  (s ix  f o r  m e r e l y  a n  a f f i n e  t r ans fo rma t ion ) ,  and i t  i s  customary 
t o  a t t e m p t  an a p r i o r i  t r ans fo rma t ion  reducing t h e  complexity af t h e  r e s i d u a l  
t r ans fo rma t ion  or subdivide t h e  image i n t o  small enough match zones ( c o n t r o l  
p o i n t s  or pa tches )  t h a t  a s imple t r ans fo rma t ion  (c.g., pare  t r a n s l a t i o n )  is 
a p p l i c a b l e ,  y e t  l a r g e  enough t o  f a c i l i t a t e  matching. I n  t h e  l a t t e r  case, a 
more complex mapping f u n c t i o n  i s  f i t  t o  t h e  results (e.g. ,  t r a n s l a t i o n  o f f s e t s )  
i n  a l l  t h e  pa t ches .  The mcthods reviewed have a l l  chosen one or  both of t h e  
above o p t i o n s ,  ranging from an a p r i o r i  a long- l ine  c o r r e c t i o n  f o r  l i n e d e p e n d e n t  
e f f e c t s  ( t he  'high-frequency c o r r e c t i o n " )  t o  a f u l l  sensor-to-geobase t r a n s -  
formation with subsequent s u b d i v i s i o n  i n t o  a g r i d  of match p o i n t s .  
The number of such parameters t o  vary i s  
There is, of course,  a c o r r e c t  geometric t r ans fo rma t ion  t o  apply,  but  i t  
i s  unknown (otherwise,  a n  e m p i r i c a l  image matching p rocess  would be unnecessary) ;  
t hus ,  some s o r t  of model must be assumed whose parameters  can be solved f o r  by 
c o r r e l a t i o n  of o f f s e t - f i t t i n g .  Commonly, R por t ion  of t h e  geometric model is 
e s t a b l i s h e d  a p r i o r i  based on e x t e r n a l  d a t a  such 3 s  p r e f l i g h t  measurements. I f  
t h a t  p o r t i o n  i s  inco rpora t ed  i n  a n  a p r i o r i  t r ans fo rma t ion ,  t hen  t h e  demand f o r  
f i d e l i t y  i n  t h e  o v e r a l l  model becomes a n  i s s u e  of t r a d e o i f s  
geometric c o r r e c t i o n  and t h e  r e s i d u a l  c o r r e c t i o n  t o  be determined by matching. 
For example, i f  one know t h e  beometric t r ans fo rma t ion  i s  a f f i n e  wi th  a n  unknown 
t r a n s l a t i a n ,  one might let  t h e  image matching f u n c t i o n  so lve  f o r  t h e  whole 
a f f i n e  t r ans fo rma t ion ,  r i s k i n g  t h e  i n t r o d u c t i o n  o f  e r r o r s  i n t o  t h e  a f f i n e  co- 
e f f i c i e n t s ,  or apply t h e  a f f i n e  t r ans fo rma t ion  a p r i o r i  and s o l v e  on lv  for t r a n s -  
l a t i o n .  Thus, i n  addres s ing  the  various p a r t s  of image matching i n  the fo l lowing  
s e c t i o n s .  w e  mus t  a l s o  c o n s i d e r  t h e i r  i n t e r a c t i o n  with p o r t i o n s  of t h e  o v e r a l l  
geometric c o r r e c t  ion p rocess  which otherwis:! might be regarded as bevond t h e  
scope of t h i s  paper .  The u t i l i t y  of an a p r i o r i  t r ans fo rma t ion  is a l s o  m a n i -  
f e s t e d  i n  ano the r  w a y .  Data gathered from p r i o r  r e g i s t r a t i o n s  can be used t o  
b i a s  t h e  a p r i o r i  c o r r e c t i o n .  
between t h e  a p r i o r i  
Such "experience" d a t a  might be gathercd by 
ana lyz ing  ensembles of  p r i o r  r e g i s t r a t i o n s  such as a s s o c i a t e d  a c q u i s i t i o n s  
( d i f f e r e n t  d a t e s ,  same scene )  o r  a s s o c i a t e d  geometry (e.g., d i f f e r e n t  subscenes,  
same frame).  Such expe r i ence  d a t a  are then  included i n  t h e  d a t a  base.  
The fo l lowing  s e c t i o n s  l o g i c a l l y  d i v i d e ,  according t o  t h e  above p r e c e p t s ,  
i n t o  (1)  a c o n s i d e r a t i o n  of c o r r e l a t i o n  t echn iques ,  (2)  examination of o t h e r  
matching methods, ( 3 )  a d i s c u s s i o n  of determining t h e  t r a n s l a t i o n a l  o f f s e t  from 
t h e  c o r r e l a t i o n ,  ( 4 )  a c o n s i d e r a t i o n  of t h e  r e s i d u a l  geometric model and how t o  
determine i t ,  and (5) a summary of t echn iques  going beyond t h e  assumpticn i m p l i c i t  
i n  t h e  p rev ious  s e c t i o n s  t h a t  match p o i n t s  have been e s t a b l i s h e d  t o  a l low c o r r e l a -  
t i o n  f o r  t r a n s l a t i o n a l  o f f s e t s  on ly .  
ence t o  t h e  r e g i s t r a t i o n  processor  r e c e n t l y  i n s t a l l e d  a t  JSC, n o t e  expe r imen ta l  
r e s u l t s  p e r t a i n i n g  t o  t h a t  system as a p p r o p r i a t e ,  and n o t e  g e n e r a l  l i m i t a t i o n s  
and areas d e s e r v i n g  f u r t h e r  s tudy .  
Throughout t h e s e  d i s c u s s i o n ;  we make r e f e r -  
Image C o r r e l a t i o n  
Suppose t h a t  a n  a p r i o r i  c o r r e c t i o n  has  been a p p l i e d  o r  pa t ches  are de f ined  
small enough t h a t  any r e s i d u a l  geometric e r r o r  worthy of c o n s i d e r a t i o n  is pure 
t r a n s l a t i o n .  Matching, t hen ,  c o n s i s t s  o f  determining t h e  t r a n s l a t i o n a l  o f f s e t  of 
one subimage from a n o t h e r  "reference" subimage corresponding t o  the same scene .  
The most common form of matching is some s o r t  of c r o s s - c o r r e l a t i o n  t echn ique .  
The "ircage" r e f e r r e c  t o  is t h e  a c t u a l  r ad iance  image o r  a f ea tu re - space  image 
such as a n  edge o r  g r a d i e n t  image. In p r i n c i p l e  t h e  c r o s s - c o r r e l a t i o n  of two 
a c q u i s i t i o n s  of t h e  same scene should resemble t h e  a u t o c o r r e l a t i o n  d i sp laced  by 
t h e  same amount a s  one image from t h e  o t h e r .  Since t h e  peak of the a u t o c c r r e l a -  
t i o n  func t ion  m u s t  occur a t  the o r i g i n ,  t h e  peak of t h e  i d e a l i z e d  c r o s s - c o r r e l a t i o n  
then measures t h e  displacement .  111 p r a c t i c e ,  t h e  a c q u i s i t i o n s  d i f f e r  because c)> 
inst rument ,  atmosphere, and o t h e r  environmental  n o i s e  and because t h e  scene may 
have changed appearance due t o  s e a s o n a l ,  weather ,  o r  c u l t u r a l  changes. Thus,  
t he  c r o s s - c o r r e l a t i o n  only approximates t h e  a u t o c o r r e l a t i o n ,  and t h e  peak may 
a u t  be wel l -def ined.  Another argument f o r  t h e  c r o s s - c o r r e l a t i o n  peak measure 
is  t h a t  i t  minimizes t h e  sum-square-difference between t h e  two images. This 
measure. of c r o s s - c o r r e l a t i o n  can be normalized ( t o  he between -1 .Itid 1) b y  two 
techniques summarized i n  Figure 1. 
m l y  t h e  p i x e l  v a l u e s  from the sea rch  area, whereas the " c l a s s i c a l "  a l t e r n a t i v e  
The "template matching"1 a l t e r n a t i v e  u t i l i z e s  
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u t i l i z e s  both images. The p i x e l  v a l u e s  i n d i c a t e d  are a f t e r  s u b t r x t i o n  of t h e  
image means. 
r i g o r  f a i l s  i n  t h e  fo l lowing  sense. 
and 1's should be s u b t r a c t e d  b e f o r e  summing; however, c o n s i d e r a b l e  g a i n  i n  
computation speed is  achieved i f  t h e  co inc idences  and numbers of 1 ' s  are 
summed d i r e c t l y .  
For b i n a r y  edge images, whose p i x e l  v a l u e s  are e i t h e r  0 o r  1, 
S t r i c t l y  speaking, t h e  means of t h e  0's 
The c o r r e l a t i o n  techniques j u s t  desc r ibed  are employed i n  s e v e r a l  produc- 
t i o n  r e g i s t r a t i o n  s y s t e m s .  The Master 9ata Processor  (XDP>2'3, t h e  GSFC b a s e l i n e  
system f o r  Landsats 2 and 3 ,  b a s i c a l l y  performs t h e  "classical" c r o s s - c o r r e l a t i o n  
on t h e  r ad iance  image. A s  a f - n c t i o n a l  e q u i v a l e n t ,  Four i e r  techniques are used; 
t h a t  is, t h e  r e f e r e n c e  and sea rch  areas are transformed by t h e  s t anda rd  FFT 
algorr thm, one  of t h e  t ransforms is m u l t i p l i e d  by t h e  complex con juga te  of t h e  
o t h e r ,  and t h e  r e s u l t  is  inverse-transformed by FFT. A s l i g h t  v a r i a n c e  i s  
e f f e c t e d  i n  t h e  denominator by s u b t r a c t i n g  t h e  l o c a l  mean (mean ove r  p o r t i o n  of 
s e a r c h  area overlayed by r e f e r e n c e )  from t h e  s e a r c h  area's p i x e l s ,  r a t h e r  t han  
t h e  m e a D  of t h e  whole sea rch  area. The l a t t e r  is used i n  t h e  numerator i n  con- 
formance w i t h  t h e  c l a s s i c a l  formula.  The GSFC LACIE R e g i s t r a t i o n  Proceszor 
employed t h e  template mat:b.ing a lgo r i thm on b i r a r y  edge inages ,  and t h e  same 
scheme w a s  used i n  a n  cvalu.?tion of t h a t  p r o c e s ~ o r . ~  
matching a lgo r i thms  are provided f o r  b i n a r y  zdge c o r r e l s t i o n  i n  t h e  JSC Regis- 
t r a t i o n  P rocesso r .  6'7 
process ing .  
4 
Both c l a s s i c a l  and t e m p l a t e  
The classical  o p t i o n  h a s  been chosen €o r  p roduc t i cn  
Tile matching p o l i c y  d i scussed  above is based on minimizing t h e  sum-square- 
d i f f e r e n c e .  The s e q u e n t i a l  s i m i l a r i t y  d e t e c t i o n  a lgo r i thm (SSDAI8 i s  based on 
minimizing t h e  sum-absolute-difference. However, r a t h e r  than summing over  all 
p i x e l s ,  t h e  SSDA selects a t  iandom a s u b s e t  of p i x e l s  t o  sum. Summing s t o p s  
when a p r e s e n t  threshol t i  is reached, and t h e  number of p i x e l s  needed f o r  t h a t  
sum i s  noted. Then, t h e  c o r r e l a t i o n  maximum occur s  a t  t h e  same p o i n t  as t h e  
maximum of t h e  numbers of p i x e l s  r equ i r ed  (because t h e  sum-absolute-difference 
i s  smallest t h e r e  r e q u i r i n g  t h e  most  p i x e l s  t o  reach t h e  t h r e s h o l d ) .  
of t h e  SSDA l ies  i n  i t s  r educ t ion  i n  computation by u t i l i z i n g  only p a r t i a l  sums 
whose computational r i g o r  i s  less,  t h e  srnaller t h e  c o r r e l a t i o n  is. Thus, t h e  
bulk of  t h e  computation i s  devoted t o  c o r r e l a t i o n  s a m p l e s  showing promise 1.cith 
l i t t l e  e f f o r t  wasted on l o w  v a l u e s .  The SSDA was a l s o  used9 t h i s  time on t h e  
The u t i l i t y  
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rad iance  images, i n  t h e  performance e v a l u a t i o n  of t h e  GSFC LACIE R e g i s t r a t i o n  
Processor .  
by t h e i r  s tandard d e v i a t i o n  b e f o r e  c o r r e l a t i n g .  
The c o r r e l a t i o n  was normalized by d i v i d i n g  t h e  p i x e l s  of each image 
The design of t h e  SSDA i l l u s t r a t e s  a primary concern i n  s tandard  c ross -  
c o r r e l a t i o n ,  v i z  diminishing t h e  number of requi red  computations. I n  genera l ,  
methods t o  address  t h a t  i s s u e  have focused on devot ing t h e  bulk  of t h e  computa- 
tions t o  t h e  reg ion  around tb.e a p p r o p r i a t e  extremum. 
to  binary edge c o r r e l a t i o n ,  w a s  used i n  t h e  GSFC LACIE R e g i s t r a t i o n  Processor  
and f o r  c o a r s e  a c q u i s i t i o n  i n  t h e  JSC R e g i s t r a t i o n  Processor .  
c o r r e l a t i o n  i s  done only f o r  o f f s e t s  every f o u r t h  row and every e i g h t h  column. 
The mean and s tandard  d e v i a t i o n  of t h e  r e s u l t s  are computed, anci t h r i c e  t h e  
la t ter  is added t o  t h e  former t o  genera te  a r e j e c t i o n  threshold .  
approximate cor re la tFon is  computed a t  every o f f s e t  b u t  w i t h  only  p i x e l  v a l u e s  
from every t h i r d  row and t h i r d  column included i n  t h e  sums i n  F igure  1 (thereby 
reducing t h e  computation by about  a f a c t o r  of n i n e ) .  
ment, t h e  r e s u l t i n g  approximate c o r r e l a t i o n  v a l u e  exceeds t h e  r e j e c t i o n  threshold ,  
t h e  sums are repeated u s i n g  every p i x e l  value.  I n  b inary  edge c o r r e l a t i o n  t h e  
peak is  g e n e r a l l y  f a i r l y  sharp ,  aad only a very small f r a c t i o n  of t h e  c o r r e l a -  
t i o n  samples exceed t h e  threshold ,  thereby s p a r i n g  a cons iderable  amount of 
computation. l n i s  method, used f o r  a segment-level c o r r e l a t i o n  ( 8 x 1 0  kn por- 
t i o n  of a Landsat MSS frame),  proved very e f f e c t i v e  i n  t h e  GSFC and JSC Processors .  
Such a method, wel l - su i ted  
4 
F i r s t ,  cross-  
Next, an 
I f ,  a t  a given d i s p l a c e -  
The foregoipg d iscuss ion  assumes t h e  geometric d i f f e r e n c e  between t h e  com- 
pared patches is p:ire t r a n s l a t i o n .  This  assumption may n o t  be v a l i d ,  which 
r a i s e s  t h e  ques t ion  of how geometric d i s t o r t i o n  (o ther  than t r a n s l a t i o n )  a f f e c t s  
t h e  c r o s s - c o r r e l a t i o e  func t ion .  The e f f e c t  has  been s t u d i e d  f o r  s tandard  c ross -  
c o r r e l a t i o n  ( i .e. ,  f o r  minimizing t h e  sum square ' i f f e r e n c e )  where one pa tch  i s  
d i s t c x t e d  l i n e a r l y  ( r o t a t i o n ,  scale change, shear  d i s t o r t i o n )  from t h e  o t h e r .  
The r e s u l t s  i n d i c a t e  t h a t  l i n e a r  d i s t o r t i o n  e f f e c t i v e l y  b l u r s  t h e  c r o s s - c o r r e l a t i o n  
f u n c t i o n  by applying a running average over  the i d e a l  nondis tor ted  c o u n t e r p a r t ,  
where t h e  dimensions of t h e  averaging f i l t e r  are p r o p o r t i o n a l  t o  t h e  degree of 
d i s t o r t i o n .  Tltis conceptual  averaging does n o t  apply t o  t h e  n o i s e  p r e s e n t ,  so 
t h a t  t h e  s ignal- to-noise  rat ion (SNK) is e f f e c t i v e l y  reduced. Also ,  t h e  a r e a  
around t h e  peak is e f f e c t i v e l y  f l a t t e n e d  somwhat,  makipg t h e  peak s e a r c h  less 
a c c u r a t e ,  and t h e  peak-to-background (or peak-to-sidelobe) r a t i o  is d i s t o r t e d  
10,11,12 
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( t h e s e  s u b j e c t s  are d i s c u s s e d  In  a subsequent s e c t i o n ) .  
e f f e c t s  is g r e a t e r ,  t h e  g r e a t e r  the patch s i z e ,  because t h z  geometric d i s t o r t i o n  
becomes l a r g e r .  Thus, choosing a smaller pa tch  dec reases  t h e  e f f e c t s  of geo- 
me t r i c  d i s t o r t i o n ,  but  t h e  SNR i s  a l s o  decreased w i t h  fewer p i x e l s .  Some 
compromise is g e n e r a l l y  r e q u i r e d ,  as is d i scussed  i n  a later s e c t i o n .  
The magnitude of t h e s e  
The e f f e c t s  O T  geometr ic  d i s t o r t i o n  on b ina ry  edge co r re l a tFon  could be 
d r a s t i c  i n  c e r t a i n  cases. For  example, a scale d i f f e r e n c e  might prevent  over- 
l a y i n g  edge f e a t u r e s  on o p p o s i t e  s i d e s  of  a patch a t  t h e  same t i m e .  
t han  smearing t h e  c o r r e l a t i o n  f u n c t i o n ,  as desc r ibed  above, i t  could d i v i d e  i n t o  
s e v e r a l  peaks. 
c o r r e l a t i o n ,  b u t  i t  has been suspected of degrading t h e  full sample-ser2ent 
c o r r e l a t i o n  used i n  t h e  GSFC LACIE and JSC Processo r s .  One s o l u t i o n  t o  t h e  
problem (at least for c o a r s e  c o r r e l a t i o n )  might be  t o  resample t h e  images t o  a 
coa:;er g r i d  by use  of a low-pass o r  median f i l t e r  b e f o r e  edge d e t e c t i o n .  
t h e  geometric d i s t o r t i o n s  are reduced r e l a t i v e  t o  t h e  p i x e l  spac ing  o r ,  equiva- 
l e n t l y ,  e f f e c t i v e  edge " thickness ."  
Thus, r a t h e r  
This kind o f  problem h a s  n o t  been i d e n t i f i e d  i n  t y p i c a l  p a t c h  
Then, 
Other Techniques f o r  Tmage Of f se t  Matching 
Seve rz l  o t h e r  matching techniques,  though n o t  y e t  implemented i n  l a r g e -  
scale r e g i s t r a t i o n ,  dese rve  mention as p o t e n t i a l l y  a p p l i c a b l e .  The C l u s t e r  
Reward Algorithm (CRA)13 con 
two images a t  each displacement. 
d e f i n i t i o n  o f  p a t t e r n  i n  t h e  histogram, e.g. ,  a measure of c l u s t e r i n g .  A t  t h e  
o f f s e t  deno t ing  a n  image match t h e  histogram should show a r e l a t i v e l y  high 
image-to-image c o r r e l a t i o n  by e x h i b i t i n g  c l u s t e r s .  The technique has  been 
a p p l i e d  t o  s e v e r a l  sample-segment-size (about 8 x 1 0  km) scenes w i t h  n o t a b l e  
success. 
. l tual ly  analyzes  t h e  b i v a r i a t e  his tcgram of t h e  
A measure i s  e s t a b l i s h e d  c h a r a c t e r i z i n g  t h e  
The po in t  -matching t ec hniqu e 14915, though designed p r i m a r i l y  f o r  t a r g e t  
arrays such as star f i e l d s ,  might f i n d  a p p l i c a t i o n  t o  b i n a r y  d g e  images. The 
method minimizes a geometric d i s t a n c e  measure between p o i n t s  (say,  edge p i x e l s  
i n  t h e  two images! rather than ninimizing r ad iomet r i c  o r  f e a t u r e  d i f f e r e n c e s .  
A v a r i a t i o n 1 5  of t h e  method a s c r i b e s  weights  t o  t h e  po in t -pa i r s  a r c o r d i n g  t o  
how w e l l  they associate i n  t h e  matching. This technique i s  i t e r a t i v e  w i t h  f i r s t  
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a matching, t hen  a comparison o f  t h c  d i s t a n c e  spanned by each po in t -pa i r  t o  t h e  
e s t ima ted  comm0u displacement  f o r  a s s i g n i n g  a weight,  the11 a weighted match, etc.  
The u s e  of normalized c r o s s - c o r r e l a t i o n  f o r  minimizat ion of -1m-square- 
d i f f e r e n c e s  o r  sum-absolute-differences desc r ibed  i n  t h e  p rev ious  s e c t i o n  can 
a l s o  be  viewed as an a p p l l z a t i o n  o f  maximum-likelihood c l a s s i f  i ca t io r i  i n  which 
t h e  measurement sets are d i s t i n g u i s h e d  by t r a n s l a t i o r ? a l  o f f  set (analogous t o  
p i x e l  number i n  s p e c t r a l  c l a s s i f i c a t i o n )  
p i x e l s  i n  t h e  s e a r c h  ova r l ay  a r e a  (analogous t o  t h e  bands i n  s p e c t r a i  c l a s s i f i -  
c a t i o n ) ,  and t h e  classes are Match and Non-match (analogous t o  classes, e.g. ,  
c rop  s p e c i e s ,  i n  s p e c t r a l  c l a s s i f i c a t i o n ) .  I n  t h e  s p a t i a l  case, however, i t  is 
known a p r i o r i  t h a t  only one  measurement set should b e  c l a s s i f i e d  as a Match ( i f  
t h e  match scene is  unique) corresponding t o  t h e  s i n g l e  c o r r e c t  t r a n s l a t i o x 1  o f f -  
16 set. Analogous t o  s p e c t r a l  c l a s s i f i c s t i c  a b y e s  t echn ique  h a s  been a p p l i e d  
t o  s p a t i a l  Iratching. The p r o b a b i l i t y  o f  m i s a c q u i s i t i o n  (match lock-on t o  t h e  
wrong p o i n t ) ,  expressed as t h e  Bayes r i s k  is minimized by maximizing t h e  a 
p o s t e r i o r i  p r o b a b i l i t y  of a c o r r e c t  match ( i . e . ,  t h e  p r o b a b i l i t y  t h a t  t h e r e  i s  
a match a t  a n  o f f s e t ,  g iven  t h e  p a r t i c u l a r  p i x e l  v a l u e s  i n  t h e  e v e r l a y  r eg ion  
f o r  t h a t  o f f s e t ) .  The a p o s t e r i o r i  p r o b a b i l i t y  is es t ima tzd  i n  p r i n c i p l e  by 
least squa res  by assuming i t  is a l i n e a r  f u n c t i o n  of t h e  pixel va lues .  I n  f a c t ,  
t h a t  p r o b a b i l i t y  should exceed 112 only a t  t h e  match o f f s e t  which p rov ides  a 
d i r e c t  meacs f o r  i d e n t i f y i n g  a probable  m i s a c q u i s i t i o n  ( a  p o s t e r i o r i  p r o b a b i l i t y  
never  exceeds 1 / 2 1 .  The method i s  convenient ly  implemented by F o u r i e r  t r a n r -  
formation techniques.  The a p o s t e r i o r i  p r o b a b i l i t y ,  though assumed l i n e a r  i n  
t h e  p i x e i  va lues  above, can be expressed a s  a l i n e a r  combination of any f u n c t i o n s  
of t h e  measurements, as deemed a p p r o p r i a t e  t o  t h e  a p p l i c a t i o n .  %e case of a 
second-order r e l a t i o n  h a s  been investigated’’, and tr ials on syn thes i zed  d a t a  
i n d i c a t e  improvement ove r  t h e  maximm l i k e l i h o o d  a l t e r n a t i v e  o f f 2 r e d  by c r o s s -  
c o r r e l a t i o u .  
t h e  channe l s  o f  i n f o m t i o n  are t h e  
The methods desc r ibed  i n  t h i s  s e c t i o n  should be considered as new c a n d i d a t e s  
f o r  inter image matching. They must be  i n t e g r a t e d  w i t h  t h e  v a r i o u s  f e a t u r e  selec- 
t i o n  methods (e.g., t h e  C l u s t e r  Reward hlgori thm makes no sense  wi th  b i n a r y  edge 
Images, while  t h e  p o l n t  p a t t e r n  matching technique i s  e s p e c i a l l y  s u i t e d  t o  such 
images). 
eva lua ted  f o r  a p p l i c a b i l i t y  i o  d i f f e r e n t  s enso r  types ,  scene tyFe.c,  season,  
sensor-to-sensor d i f f e r e n c e s ,  etc.  
The methods should be t r i e d  on a r e p r e s e n t a t i v e  set of s enso r  d a t a  and 
312 
Off set Determination 
The c r o s s - c o r r e l a t  ion t ecL i iques  f o r  image matching presiwer  tkt  t h e  posi-  
t i o n  of t h e  maximum OL minimum cf t h e  c o r r e l a t i o n s  o r  d i f f e r e n c e  functic. .  charac- 
terizes t h e  t r a n s l a c i o n a l  o f f s e t  betveen che  two images. 
b e  i n  between p i x e l  centers so t h a t  t h e  c o r r e l a t i o q  peak l ies between cc.rrelat ion 
samples. To ach ieve  subp txe l  accuracy ii a given pa tch ,  some f o r a  of i n t e r p o l a -  
t i o n  i s  needed. 
t h i s  s e c t i o n .  These techniques l end  t k m s e l v e s  t o  e s t i m a t i n g  t h e  accuracy o f  
peak l o c a t i o n  and t o  e v a l u a t i n g  certain measures f o r  e s t q b l i s h i n g  p a s s / f a i l  
s t a t u s ,  a r d  we addres s  t h i s  s u b j e c t  also. 
The t r u e  s f f s e t  might 
Seve ra l  s l t e r n a t i v c s  have been d r r e l o p e d ,  3s w e  d i s c u s s  i n  
As a n  a l t e r n a t i v e  t o  peak i n t e  .?alation f o r  subp ixe l  .iccur3cy, a n n b e r  of 
pa tches  can be def in t r l ,  the peak can be  determined to t h e  nearest sample, and 
the skbsequent mapping f u n c t i o n  f i t  t o  t h e  numerous peak o f f s e t s  cap be r e l i e d  
upon to  y i e l d  s u b p i x e l  accuracy.  'ilis approach is  p r e d i c a t e d  on t h e  assumption 
that  a random p o s i t i o n  error is ixtroduced by choosing a sample p o s i t i o n  r a t h e r  
than i n t e r p o l a t i n g .  Tliis method was used i n  xcatching images produced by t h e  
GSFC LACIE Processor  f o r  t h e  purpose of e v a l u a t i n g  t h e  pcrfornance d f  t h a t  
p rocesso r  . S e c o n b r y  peaks were a l s o  i d e n t i E i e d  and compared tr che primary 
peak. 
averages of c o r r e l a t i o n  s a m p l e s  i n  c o n c e n t r i c  r i n g s  extending o u t  from t h e  peak. 
I f  t h e  peak w a s  n o t  s t r o n g  enough r e l a t i v e  t o  t h e  secondar i e s  o r  t h e  d e c l i n e  was 
t oo  s h a l l o u ,  t h a t  zone was r e j e c t e d  i n  t h e  mapping f u n c t i c n  f i t .  
5 , 9  
A measure of d e c l i n e  audy from t h e  peak wzs e s t a b l i s h e d  i n  term of 
A s t r a i g h t f o r w a r d  means o f  i n t e r p o l a t i n g  f o r  t h e  peak c o n s i s t s  of r ' i t t i n g  
a s u r f a c e  f u n c t i o n  t o  t h e  c r o s s - c o r r e l a t i o n  samples i.1 t h e  v i c i n i t y  of t h e  7eak 
and e v a l u a t i n g  t h e  peak l o c a t i o n  a n a l y t i c a l l y .  
Processor6" u s e  a b i v a r i a t e  poiynomial ( i . e . ,  c o n t a i n i n g  terms xMyN, MN 5 poly- 
nomial o r d e r ) .  The MDP u s e s  a fourth-order  polynomial on a 5 x 5  nei,hborhood 
around t h e  peak and a l s o  e v a l u a t e s  t h e  c u r v a t u r e  a t  t h e  peak as a measure of 
t h e  b read th  of t l - 2  c o r r e l a t i o n  peak. The smaller t h e  c u r v a t u r e  is, t h e  larger 
is t h e  u n c e r t a i n t y  i n  l o c a t i n g  t h e  peak. The MDP u s e s  t h e  minimum c u r v a t u r e  
on t h e  surface and t h e  b e i g h t  of tne peak as r e j e c t i o n  c r i t e r i a .  
The MDP and JSC B e g i s t r a t i o n  
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The JSC Regis t ra t ion  Processor allows any order  polynomial up t o  and in-  
c luding four th  order ,  but t he  lat ter has bee- used mainly, with the  lower orders  
being studied18 f o r  app l i cab i l i t y .  
varied18, € u t  a 5 x 5  has been used i n  production. 
use of the MDP algorithm, and t h e  curvature  matrix is used, i n  l i e u  of t he  
curva tu ie  i t s e l f ,  i n  a v a r i a t i o n a l  approach t o  express the  peak uncertainty 
covariance i n  terms of the covariance of uncer ta in ty  i n  t h e  polynomial f i t  co- 
e r i i c i e n t s .  Since the b i v a r i a t e  polynomial is f i t  by least squares,  t h e  coe f f i -  
cierit uncertainty covariance can be estimated from the  f i :  r e s idua l s .  Often, 
r e l a t i v e l y  few poin ts  are f i t ,  compared t o  the  number of c o e f f i c i e n t s  solved 
fo r  (25 poin ts  f o r  a 5 x 5  neighborhood, as compared t o  15 c o e f f i c i e n t s  €or a 
fourth-order  polynomial), and l i t t l e  confidence can be placed i n  the uncer ta in ty  
estimate. To circumvent t h i s  problem, t h e  use r  may supply an a p r i o r i  f i t  v x i -  
ance of  the  f i t  uncer ta inty r a t h e r  than determining i t  from t h e  res idua ls .  The 
a p r i o r i  var iance can be es tab l i shed  by t e r t s  on representa t ive  da ta ,  whereby 
t h e  a p r i o r i  var iance can be sd jus ted  t o  make the  estimated peak uncer ta in ty  
agree with t h e  Gbserved peak displacerrient e r ro r s .  Preliminary tests18 estab-  
l i shed  a value for  early production i n  t h e  J S C  Regis t ra t ion  Processor. 
to-bckground r a t i o  i s  a l s o  es tab l i shed  by s t ibtract ing from t h e  c o r r e l a t i o n  peak 
value t h e  mean of samples away from t h e  peak and then d iv id ing  by the  standard 
deviat ion o f  those samples. 
f a c t  that t h e  edge image means are not  subtracted o u t  i n  binary edge co r re l a t ion .  
The f i t  neighborhood s i z e  C a r l  a l s o  be  
The peak is located by t h e  
A peak- 
The subt rac t ion  w a s  included t o  compensate for t he  
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Another method o f  peak l o c a t i o n  t a k e s  advantage of c r o s s - c o r r e l a t i o n  by 
F o u r i e r  techniques.  The o f f s e t  i n  t h e  s p a t i a l  d o m t n  corrpsponds t o  a non- 
vanishing phase i n  t h e  frequency domain. In f a c t ,  i f  t h e  c r o s s - c o r r e l a t i o n  
func t ion  were symmetric about  its peak, t h e  phase f u n c t i o n  would d i r e c t l y  
s p e c i f y  t h e  offset  ( s i n c e  phase introduced by non-symmetry would v a n i s h ) .  
One approach" t ransforms t h e  phase p o r t i o n  of t h e  c o r r e l a t i o n  t r ans fo rm back 
t o  t h e  spat ia l  domain wherein t h e  peak is l o c a t e d .  
noted t o  resemble closely a d e l t a  f u n c t i o n  so t h a t  subp ixe l  peak l o c a t i o n  
seems v i a b l e .  The peak l o c a t i o n  was f a c i l i t a t e d  by using t h e  i n v e r s e  t r a n s f o r s  
o p e r a t i o n  d i r e c t l y  t o  compute a f i n e r  g r i d  of s p a t i a l  samples around t h e  i n d i -  
c a t e d  peak than would normally be obtained from F a s t  Four i e r  Transform (FFT) 
a lgo r i thms .  I f  indeed t h e  transformed phase f u n c t i o n  is c o n s i s t e n t l y  n e a r l y  
a t r a n s l a t e d  d e l c a  f u n c t i o n ,  t hen  i n  t h e  frequency domain t h e  phase should be 
p r o p o r t i o n a l  t o  t h e  spat ia l  displacement .  Thus, t h e  phase v s  frequency p o i n t s  
can be f i t  by a s t r a i g h t  l i n e  fo rced  t o  p a s s  chrough t h e  o r i g i n ,  and t h e  s l o p e  
g i v e s  t h e  t r a n s l a t i o n a l  displacement .  However, somehow t h e  p o s s i b i l i t y  of non- 
symmetry may need t o  be accounted f o r .  P re l imina ry  r e s u l t s  have shown t h a t  
b ina ry  edge c o r r e l a t i o n s ,  f o r  example, do e x h i b i t  nonsymmetry. 
7 7  
The spa t i a l  r e s u l t  was 
18 
'Chis s e c t i o n  c l o s e s  by r e t u r n i n g  t o  t h e  i s s u e  of e s t i m a t i n g  peak l o c a t i o n  
uncertair . tg o r  sha rpness .  
b a s i c a l l y  i n t o  c u r v a t u r e  a t  peak, second moment of c o r r e l a t i o n  s a n p l e s  aroun.! 
peak, and rate of d e c l i n e  away from peak.  -411s of t h e s e  sharpness  measures can 
be used t o  compare w i t h  a r e j e c t i o n  th re sho ld  or t o  c o n s t r u c t  3 weight- f o r  u se  
i i l  t h e  mapping f u n c t i o n  f i t .  In tht, l a t t e r  c a s e  t h e  weight would be l o v e r ,  t h e  
broader  t h e  peak l o b e  i s .  
estimate (as t h e  inve r se  o f  t h e  u n c e r t a i n t y  cova r i ance ) .  :Is mentioned ear l ie r ,  
3 f i x e d  a p r i o r i  s u r f a c e  f i t  v a r i a n c e  should probably alwav; be used to estimate 
t h e  peak u n c e r t a i n t y  when f i t t i n g  b i v a r i a t e  polynomials so  t h a t  e f f e c t i v e l y  its 
- var i ance  is d i r e c t l y  r e l a t e d  t o  the  cu rva tu re .  The sharpness  measures can 
a l s o  be  computed f o r  t h e  a u t o c o r r e l a t i o n  func t ion  t o  g ive  an  idea of t h e  i n t r i n -  
s i c  c l a r i t y  of tile Image. This a p p l i c a t i o n  hss been implencnted as well i n  t h e  
JSC R e g i s t r a t i o n  Processor .  
The schcnes desc r ibed  above can be ca t egor i zed  
The weight is given d i r e c t l y  by 3 peak u n c e r t a i n t y  
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Res idua l  Maoninr Model 
Y 
I f  t h e  approach  of t h e  p r e v i o u s  sectiors has been adop ted ,  v i z .  l o c a l  
t r a n s l a t i o n a l  mismatcties are de termined  a t  an array or' control  p o i n t s ,  some 
means is needed t o  ( ' i s t r i b u t e  t h e  c o r r e c t i o n s  f o r  t h o s e  n i s m s t c h e s  ove r  t h e  
regions in between the c o n t r o l  p o i n t s .  Towaid t h a t  end ,  a Seo; ;?r t r ic  t r a n s f o r m a t i o n  
f u n c t i o n  is  t o  be  ro tmLla ted  in terms of t h e  measured d i s p l a c e m e n t s .  The ~ i t u r e  
of t h a t  f u n c t i o n  depends  upon one's  c o n t i d e n c e  i n  t h e  measured mismatches v e r s u s  
o n e ' s  u n d e r s t a n d i n g  of t h e  g e o m e t r i c a l  or p h y s i c a l  pro2esscs c a u s i n g  t h e  mismatch. 
If t h e  c o n t r a 1  p o i n t  t r a n s l a t i o n s  are expec ted  t o  c o n t a i n  e r r o r s .  and t h e  n a t u r e  
of t h e  geomet r i c  d i s t o r t i o n s  is w e l l  unde r s tood ,  t h e n  some sort  of error m i n i -  
n i z a t i o n  o r  masimum l i k e l i h o o d  e s t i m a t i o n  t e c h n i q u e  is u t i l i z e d .  On t h e  o t h e r  
hand, if t h e  d a t a  are h i g h l y  t r u s t e d  arid t h e  mo&I is unknown. some form of 
"rubber  sheeting" t e c h n i q u e  i s  employed ( ana logous  t o  curve-smoothing i n  onc 
d imens ion ) .  These a l t e n i a t i v r s  are a d d r e s s e d  below. Ihe cast' t h a t  t h e  model 
is unde r s tood  i s  d i s c u s s e d  f i r s t ,  w i t h  a breakdown i n t o  a geometry-based model 
( e . g .  , p l a t f o r m  a t t i t u d e  e r r o r ,  t r a j e c t o r y  e r r o r .  e t c . )  ,ind a sensor -based  
model ( e . ~ . .  scan i r r e g u l a r i t i e s ,  band-to-band o f f s e t s ,  e t c . ? .  Then, t h e  rubber 
s h e e t  approach  is c o n s i d e r e d .  If u n r e r t a i n t y  is a s s o c i a t e d  w i t h  b o t h  t h e  measure'- 
m e n t s  and the model t h e  a t t a c k  L:. not  so c l ea r .  T h i s  s i t u a t i o n  is considered 
b r i e f l y  a l o n g  w i t h  t h e  s i t u a t i o n  t h J t  some mc\.isure o f  cor:!'iJcncc i n  ttic m . d c i  
is a v a i l a b l e  m d  t h e  c o n t r o l  p o i n t  d a t a  ,ire bci:ig used t o  i m p r o v e  i t .  I t  i s  
w e l l  e s t a b l  i shed  t h a t  c r o s s - c o r r e l a t i o n  w i l l  uccas2onallv res:ilt i n  an erroneous 
t r a n s l a t i o n a l  o f f s e t ,  and i f  such  an error goes  u n d e t e c t e d  i t  can  r u i n  the mappin$. 
f i t .  The s e c t i o n  ends  w i t h  a d e s c r i p t i o n  of several ne t? iods  for  i d e n t i f y i n g  
and handl inc,  such  o u t l '  A e r s .  
Geometric errors arc generally nodelcd 3s t irnc.  \ ~ . ~ r y i n g  s c l i e l l i t c ~  a t t  i t u d c  
3 and a l t i t u d e  e r r o r s .  The NDP assumcs Car Y S S  p r o c e s s i n s  t h a t  ti!c 1Andsat yaw, 
p i t c h ,  and  r o l l  can b e  modeled ;is t h i r d - o r d e r  t u n c t i u t i s  o f  t i n e  ovcr tlic dimeti- 
s i o n s  cf n doub le  irsme (abou t  730 km c?C downrai?Sc). S i m i l : i r l y ,  t!ic n l t i t u d c  
v a r i a t i o n s  :ire modeled 3s l inear i1: t i ne .  Ttic resulting IS ~ - a e i : i c i t w t s  arc 
soived f o r  by weighted  least  sqii;ircs u t  i l . i z i n s  tiotli cont ro l  p a i n t  o t i s c t s  snd  
t h e  l e s s - p r e c i s e  3 t t i t u d e / a l t i t r i d c  d ~ ? a  3v.1 ilab:? from 1;tndsnt's atci tuL!L:  
measurement sys tem (AVS) and ground t r a c k i n g .  The w e i g h t s  a re  set  t ip 3 p r i o r i  
based on p a s t  e x p e r i e n c e  i n  c o n t r o l  p o i n t  l o c a t i o n  a c c u r a c i c s  a n d  i n  M S  and 
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ground t r a c k i n g  a c c u r a c i e s  Hence, t h e  c o n t r o l  po in t  weights  are cons ide rab ly  
l a r g e r  t han  -;le o t h e r s  so t h a t  i f  many c o n t r o l  p c i n t  offsets  are u t i l i z e d  t h e  
s o l u t i o n  is e s s e n t i a l l y  based on t h m .  Wwever, i f  few o r  none are a v a i l a b l e  
t h e  AMs and ground t r a c k i n g  d a t a  do contrAt)ute s p p r o p r i a t e l y  t o  t h e  s o l u t i o n .  
To h a n d l e  t h e  f a c t  t h a t  t h e  AMs d a t a  are poor f o r  e s t i m a t i n g  t h e  c o n s t a n t  por- 
t i o n  of t h e  model (biases), a scheme i s  implemented t o  a l low devo t ing  t h e  con- 
trol p o i n t  d a t a  t o  e s t i m a t i n g  t h e  a t t i t u d e  b i a s e s ,  wh i l e  t h e  o t h e r  measurements 
are u t i l i z e d  for rates and h ighe r -o rde r  c o e f f i c i e n t s .  Nominally, t h i s  scheme 
is employed only i f  a very few c o n t r o l  p o i n t s  are a v a i l a b l e .  Also, t h e  a t t i t u d e  
biases f r - n  a good s o l u t i o n  (one w i t h  c o n t r o l  p o i n t s )  are c a r r i e d  ove r  t o  t h e  
next  frame 5 . -  t h a t  frame h a s  i n s u f f i c i e n t  c o n t r o l  p o i n t s  (nominally,  less t han  
two). A v e i b h t  a s s o c i a t e d  w i t n  t h a t  ca r ry -ove r  is propagated i n  a manner t h a t  
makes i t  decay wi th  t ime, i n  o r d e r  t o  model t h e  growth i n  u n c e r t a i n t y  o f  t h e  
b i a s e s  as t h e  sa te l l i t e  moves f u r t h e r  away from t h e  e s t i m a t i o n  p o i n t .  
whole approach is p r e d i c a t e d  on t h e  measurement e r r o r s  beibig n o m l l y - d i s t r i b u t e d ,  
a n  assumption which breaks down i f  one o r  s e v e r a l  of t h e  c o n t r o l  po in t  o f f s e t s  
are erroneous.  To overcome t h a t  problem, t h e  ?fDP has been t e s i e d  w i t h  t h e  
t h r e s h o l d  number of  c o n t r o l  p o i n t s  f o r  t r i g g e r i n g  t h e  b i a s  e s t i m a t i o n  scheme 
r a i s e d  t o  15 from t h e  nominal va lue  of u n i t y .  
of  c o n t r o l  p o i n t s  will c o n t a i n  enough good o f f s e t s  t o  overwhelm any erroneous 
ones.  Another approach to  e l i m i n a t i n g  t h e  o u t l i e r s  is d i scussed  la ter .  
This  
23 Hopefuilv,  such a l a r g e  number 
14 A TRW study h a s  adopted t h e  same model as t h e  ?KIP except  f o r  assuming a 
c o n s t a n t  a l t i t u d e  d e v i a t i o n .  The c o e f f i c i e n t s  were eva lua ted  by Kalman f i l t e r -  
ing.  ERIM’s geometric c o r r e c t i o n  p rocess  a l s o  models t h e  geometric e r r o r s  as  
yaw, p i t c h ,  and r o l l ,  w i th  p i t c h  and r o l l  assumed l i n e a r  and yaw assumed con- 
s t a n t  over  t h e  area of i n t e r e s t .  25 
The GSFC LACIE processor  models t h e  geometric e r r o r  !after t h e  more-compli- 
c a t e d  a p r i o r i  t r ans fo rma t ion )  as pu re  t r a n s l a t i o n  cve r  t h e  dimensions of i t s  
8 x 10-km sample segments. Performance e v a l ~ a t i o n ~ ’ ~  of t h a t  s y s t e m  ind ica t ed  
t h a i ,  a l t hough  s p e c i f i c a t i o n s  were m e t ,  t h e r e  was a r e s i d u a l  e r r o r  t h a t  appeared 
t o  be  a f f i n e .  Thus, t h e  JSC R e g i s t r a t i o n  Frocessor  h a s  adopted an a f f i n e  model. 
A weighted least squa res  s o l u t i o n  i s  made i n  which t h e  weights  are  t h e  r e c i p r o c a l s  
of t h e  peak uncertnir . ty s t anda rd  d e v i a t i o n s  e s t ima ted  from t h e  c a r r e l a t i o n  s u r f a c e  
f i t .  A t  u s e r  o p t i o n ,  d e f a u l t  weights  can be s u b s t i t u t e d  i f  the c o r r e l l t t i o n  
3iS 
s u r f a c e  f i t  f a i l s  i n  i ts  e s t i m a t i o n  p r o c e s s ,  o r  w e i g h t s  can  be e l i m i n a t e d  a l to-  
g e t h e r .  
a f f i n e  model is adequa te ;  t h a t  is, obse rved  r e s i d u a l  d i s t o r t i o n  does n o t  show 
any s y s t e m a t i c  e f f e c t  a s s o c i a t e d  w i t h  a n  incomple te  geomet r i ca l  d e s c r i p L h n .  
The s u c c e s s  of t h e  a f f i n e  model lies i n  t h e  f a c t  t h a t  t h e  JSC Regi s t r a t io ' .  
P rocesso r  is o n l y  r emov i ig  r e s i d u a l  d i s t o r t i o n  l e f t  by t h e  MDP. 
geomet r i c  c o r r e c t i o n  h a s  t a k e n  care o f  map p r o j e c t i o n s ,  s e n s o r  geometry,  and 
s e n s o r  l i n e  e f fec ts  as c h a r a c t e r i z e d  by the MDP data (a p r i o r i  model ing con- 
s t a n t s  and a t t i t u d e / a l t i t u i e  s o l u t i o n ) .  
A p r e l i m i n a r y  e v a l u a t i o n z 6  of t h e  JSC P r o c e s s o r  h a s  i n d i c a t e d  t h a t  a n  
The a p r i o r i  
Sensor  e f f e c t s  c a n  also be modeled and s o l v e d  f o r  by u s e  of  t h e  a c q u i r e d  
scene ry .  A l t e r n a t i v e l y ,  t h e y  can  be assumed s t a t i c ,  d e t e r n i n s d  from a p r i o r i  
data, such  3s i a b o r a t o r p  or f l i g h t  tests, and t h e n  used  i n  t h e  a p r i o r i  geomet r i c  
c o r r e c t i o n .  Landsat  MSS e f f e c t s  i n c l u d e  s c a n  nonun i fo rmi ty ,  band-to-bano o f f s e t ,  
s t a i r c a s i n g "  caused by s i m u l t a n e i t y  o f  s i x  s c a n  l i n e s ,  and l i ne -by- l inp  o f f s e t s  I1  
due  t o  sampl ing  d e l a y s  and changes  in s c a n  speed .  The ?fDP, GSFC WCIE Processo r ,  
and JSC R e g i s t r a t i o n  P r o c e s s o i  a l i  assume a s t a t i c  model f o r  t h o s e  e f f e c t s .  A l l  
e f f e c t s  are a s s u r e d  c o n s t s n t .  excep t  f o r  t h e  s c a n  speed  and s c a n  nonuni formi ty .  
The l a t t e r  is modeled as a :bird-order palynornial  i n  p o s i t i o n  w i t h  t h e  l i n e  ( i . e . ,  
sample number). The c o e f f i c i e n t s  were de termined  p r i o r  t o  implementa t ion  i n  che 
r e g i s t r a t i o n  s y s t e m s .  The s c a n  speed i s  assumed t o  have a f i x e d  r e l a t i o n  t o  t h e  
number of samples  a c t u n l l y  o b t a i n e d  i n  a s c a n  l i n e  ( l i n e  ler.gth m a j o r i t y ) .  A l -  
though t h i s  model seems f a i r l y  good i n  normal c i r cums tances ,  i t  b r e a k s  down f o r  
Landsat  3 when t h e  ?lSS sample i n i t i a t i o n  f a i l s  ( t h e  "late l i n e  s t a r t " )  because  
t h e  c o r r e c t  l i n e  l e n g t h  m a j o r i t y  i s  n o t  a v a i l a b l e .  A model h a s  been i n s t a l l e d  
i n  t h e  CSFC p r o c e s s i n g  line t o  estinate t h e  l i n e  l e n g t h  m a j o r i t y  from t h e  number 
of samrles i n  t h e  p a r t i a l  l i n e .  The r e s u l t i n g  l i n e  l e n g t h  m a j o r i t y  is used  by 
bo th  t h e  HDP and t h e  JSC K e g i s t r a t i o n  P rocesso r .  An i n a c c u r a t e  l i n e  l e n g t h  
m a j o r i t y  is man i fe s t ed  as  a l i n e  j i t t e r  o v e r  p o r t i o n s  of t h e  inage ,  and i r - l eed  
a j i t t e r  is sometimes appa ren t  as i r r e g u l a r  f i e l d  boundar i e s  i n  some Landsa t  3 
a g r i c u l t u r a l  s c e n e s  ( e s p e c i a l l y  a t  lower l a t t i t u d e s  where f i e l d  boundar i e s  t end  
t o  be  p a r a l l e l  t o  l i n e s  and columns of p i x e l s ) .  An errcr of one i n  t h e  l i n e  
l e n g t h  m a j o r i t y  w i l l  r e s u l t  i n  a m i s r c g i s r r a t i o n  of up t o  one  p i x e l  o r  abou t  59 m 
i n  MSS imagery. The p o s s i b i l i t y  of v a r i a t i o n s  i n  s c a n  nonuni formi ty  can  a l s o  n o t  
be r u l e d  o u t  as the cause. These anomal ies  merit f u r t h e r  i n v e s t i g a t i o n .  Tccli -  
n i q u e s  €or  L ine - to - l ine  r e g i s t r s L i o n  t o  s t r a i g h t e n  f i e l d  boundar i e s  shou ld  be  
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considered, i f  f o r  no o t h e r  purpose than c l a r i f y i n g  o p e r a t i o n a l  scan 
characteristics. 
The sensor geometr ical  model f o r  t h e  Laudsat RBV i s  cons iderabiy  s i m p l i f i e d  
by t h e  presence of reseau  marks on t h e  f a c e  of t h e  Vidicon tube.  Also, t h e  
satell i te a t t i t u d e  model is s i m p l i f i e d  by t h e  f a c t  t h a t  a whole frame is 
gathered a t  one i n s t a n c e ,  hezce, f o r  one v a l u e  o f  ro l l ,  p i t c h ,  and yaw. 
The rubber  s h e e t  approach t o  geometr ical  Dodeling assumes t h e  form of t h e  
model is poorly understood. 
b l e  t o  express  i t  as a b i v a r i a t e  polynomial (e.g., assume a Taylor s e r i e s ) .  
Thus, a common rubber  s h e e t  technique f i t s  a polynomial t o  t h e  array of c o n t r o l  
po in t  o f f s e t s .  
f i c a t i o n  SystemZ7 can u t i l i z e  polynomials, t h e  former t o  f o u r t h  o r d e r  and t h e  
lat ter t o  second order .  
a l though o p i s s i o n  of c e r t a i n  terms may a l s o  be considered (such as sample- 
dependent terms i f  d i s t o r t i o n s  seem t o  be from l i n e  t o  l i n e ) .  
high o r d e r  w i l l  f i t  a l l  c o n t r o l  p o i n t s  with dubious resuts  i n  between. I f  t h e  
p o i n t s  are luiown r i g o r o u s l y  t o  c o n t a i n  no e r r o r ,  thcn  f i t t i n g  all t h e  p o i n t s  i s  
reasonable ,  and t h e  problem becomes one of s e l e r t i n g  a n  i n t e r p o l a t i n g  f u n c t i o n  
w i t h  s u i t a b l e  behavior between t h e  p o i n t s .  
assumed t o  have errors so t h a t  f i t t i n g  them r i g o r o u s l y  a t  t h e  r i s k  of inter-  
poin t  e r r o r  is n o t  p a r t i c u l a r l y  s u i t a b l e .  A compromise is o f t e n  achicved by 
t r y i n g  J progression of  success ive ly  higher-order polynomials and t r z c k i n g  t h e  
decrease  of t h e  e r r o r ,  expressed a s  t h e  RMS of  f i t  r e s i d u a l s .  Assuming t h e  
idea t h a t  lower o r d e r  is b e t t e r  f o r  in te r -poin t  behavior ,  t h e  f i t  is  chosen f o r  
which t h e  e r r o r  h a s  dropped s u b s t a n t i a l l y  from lowest o r d e r  bu t  for which l i t t l e  
e r r o r  reduct ion  i s  apparent  a t  h i g h e r  orders .  
Whatever is t h e  c o r r z c t  model, i t  should be poss i -  
The JSC R e g i s t r a t i o n  Processor  and t h e  GSFC D i g i t a l  Image Recti- 
The p r i n c i p a l  concern is g e n e r a l l y  wbat order  t o  use,  
A s u f f i c i e n t l y  
Gener,-l-, t h e  c o n t r o l  p o i n t s  are 
Another rubber s h e e t  approach ef  I e c t i v e l y  s p a t i a l - f  i l ’e rs  t h e  ”sampled” 
o f f s e t s  a t  t h e  c o n t r o l  p o i n t s ,  thereby d i s t r i b u t i n g  t h e  o f f s e t s  over a r e a s  
between t h e  c o n t r o l  p o i n t s .  This  approach p a r a l l e l s  t h e  r e c o n s t r u c t i o n  of a 
two-dimensional analog s i g n a l  from i ts  samples by cubic  o r  s i n c  corivolution. 
The f i l t e r  might be der ived  from maximum l i k e l i h o o d  c o n s i d e r a t i o n s  such as a 
Kalman f i l t e r .  
t h e  s i z e  of c o n t r o l  p o i n t s  while  i n c r e a s i n g  t h e i r  d e n s i t y  so t h a t  a f a i r l y  
This  approach might be reduced t o  any de . s i rab le  scale by reducing 
high-frequency matching p rocess  cou ld  be designed.  
ccmes good enough, atmospheric t u rbu lence  w i l l  b e  d i s c e r n i b l e  as high-frequency 
d i s t o r t i o n  f o r  which such a high-frequency geometry-matching f i l t e r  would be 
a p p r o p r i a t e .  
When senso r  r e s o l u t i o n  be- 
Sometimes, t h e  model may be  p a r t i a l l y  known b e f o r e  c o n t r o l  p o i n t  informa- 
t i o n  is acqu i red ;  t h a t  is ,  a p r i o r i  v a l u e s  f o r  t h e  model parameters  are a v a i l a b l e  
w i t h  an a s s o c i a t e d  covariance c h a r a c t e r i z i n g  t h e  l e v e l  of confidence.  Then, t h e  
c o n t r o l  p o u t  o f f s e t s  provide a d d i t i o n a l  information which can b e  used t o  improve 
t h e  e s t i m a t e s  o f  the model parameter.  
s t a t e d ,  a least squa res  s o l u t i o n  is performed on t h e  c o n t r o l  p o i n t  o f f s e t s ,  and 
a weighted average of t h e  r e s u l t s  w i t h  t h e  a p r i o r i  e s t i m a t e  is computed. 
weights  are t h e  i n v e r s e s  o f  t h e  r e s p e c t i v e  cova r i ances  normalized by m a t r i x  pre- 
m u l t i p l i c a t i o n  by t h e  i n v e r s e  of  t h e  sum of t h e  covariance inve r ses .  Th i s  
approach has been implemented i n  t h e  JSC R e g i s t r a t i o n  Processor  t o  account f o r  
t h e  f a c t  t h a t  i t  fo l lows  t h e  MDP. 
c o r r e c t e d  t h e  d a t a ,  t h e  a p r i o r i  v a l u e s  f o r  t h e  r e s i d u a l  mapping f u n c t i o n  are 
ze ro .  
a f t e r  t r ans fo rma t ion  t o  t h e  cova r i ance  of a l o c a l  (8x10-km sample segment) 
a f f i n e  geometr ical  model, i t  s e r v e s  as t h e  a p r i o r i  covariance.  The JSC Proc- 
e s s o r  performs i ts  own least squa res  s o l u t i o n  and u t i l i z e s  its and t h e  a p r i o r i  
covariances t o  average its s o l u t i o n  w i t h  z e r o  ( t h e  MDP's v a l u e ) .  The appropr i -  
a te  expres s ions  are summarized i n  F igu re  2.  E f f e c t i v e l y ,  t h e  resul t  down-weights 
t h e  JSC Processo r ' s  s o l u t i o n  acco rd ing  t o  t h e  s i z e  of t h e  MLP cova r i ance ,  w i th  
g r e a t e r  - + t e n u a t i o n  t h e  smaller t h e  MDP covariance.  
t h a t  a l l  t h i s  t heo ry  is p red ica t ed  on t h e  MDP's and JSC ??rocessor's e r r o r  s a u r c e s  
being n o r m a l l y - d i s t r i b u t e d .  A c rude  compensation (shr inkage)  is provided, as 
shown i n  F i g u r e  2 ,  i n  case they are ncrt no rma l ly -d i s t r ibu ted .  
A &yes approach I s  u t i l i z e d .  Simply 
The 
Since t h e  MDP h a s  a l r eady  geomet r i ca l ly  
The cova r i ance  of t h e  MDP's a t t i t u d e / a l t i t u d e  s o l u t i o n  is  provided, and, 
I t  must be  borne i n  mind 
Unfoi:anately, c o n t r o l  p o i n t  c o r r e l a t i o n s  tend t o  e i t h e r  work reasonably 
w e l l ,  o r  they are very bad. Thus, u n l e s s  f a l s e  f i x  d e t e c t i o n  is  very good, 
erroneous c o n t r o l  p o i n t  o f f s e t s  w i l l  be i n t e r s p e r s e d  among t h e  good ones.  One 
s t r a i g h t f o r w a r d  approach t o  e l i m i n a t i n g  t h e  o u t l i e r s  simply comp. res t h e  r e s i d u a l s  
a f te r  t h e  least squa res  f i t  t o  a p r e s e t  t h rc sho id ,  o r  a th re sho ld  s c a l e d  by t h e  
est imated covariance.  
uacion5". 
This technique w a s  used i n  t h e  GSFC LACIE Processor  eva l -  
Control  p o i n t s  w i t h  r e s idKa l s  g r e a t e r  t h i n  t h r e e  s t anda rd  d e v i a t i u n s  
were discarded ,  and t h e  least squares  s o l u t i o n  w a s  repeated.  
were a g a i n  t e s t e d ,  and t h e  procedure was repea ted  u n t i l  no more f a i l u r e s  w e r e  
noted . 
The new r e s i d u a l s  
Another approach performs a least squares  s o l u t i o n  wi th  one c o n t r o l  p o i n t  
S imi la r ly ,  a n o t h e r  s o l u t i o n  i s  made with t h e  f i r s t  c o n t r o l  p o i n t  re- omit ted.  
turned but  a second omit ted,  and t h e  process  i s  repeated t o  y i e l d  as  many so lu-  
t i o n s  as t h e r e  are c o n t r o l  p o i n t s .  The pos t -so lu t ion  r e s i d u a l  f o r  each omit ted 
c o n t r o l  p o i n t  may then be examined f o r  r e j e c t i o n ,  o r  a weighted combination of 
a l l  t h e  s o l u t i o n s  may be made, w i t h  t h e  weights r e l a t e d  t o  t h e  pos t - so lu t ion  
r e s i d u a l s .  
F!-nally, a robus t  estimation" technique can be u t i l i z e d  i n  which t h e  con- 
trol p o i n t  e r r o r  is assumed t o  come, n o t  from a normal d i s t r i b u t i o n ,  bu t  from a 
d i s t r i b u t i o n  with long  t a i l s  which c h a r a c t e r i z e  t h e  p o s s i b i l i t y  of " o u t l i e r s .  " 
J u s t  as least squares  i s  a maximum l i k e l i h o o d  es t imator  f o r  a normal d i s t r i b u -  
t i o n ,  m a x i m u m  l i k e l i h o o d  e s t i m a t o r s  can be formed f o r  o t h e r  longer - ta i led  
d i s t r i b u t i o n s .  A number of  such s o l u t i o n  techniques e x i s t .  They down-weight 
measurements wi th  l a r g e  e r r o r s ,  whi le  s a c r i f i c i n g  a small amount of e f f i c i e n c y  
( i . e . ,  n o t  being q u i t e  as good as least squares)  when t h e  measurement e r r o r s  
really are normal ly-d is t r ibu ted .  To our  knowledge, none of t h e s e  techniques 
have been explored f o r  image matching. 
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Siz ing  and Placement of Control Poin ts  
The nethod of inter-image comparisons reviewed h e r e  involve t h e  d i s t r i b u t i n g  
of i! ni:n.Ser of  -,Jtches w i t h i n  each image ( t h e  re ference  image and t h e  r e g i s t r a n t  
image). 
them m3v be  considered t o  be purely t r a n s l a t i o n a l ;  t h a t  is, scale, skew, and 
o t h e r  i n t e r i n a g e  d i s t o r t i o n s  have n e g l i g i b l e  e f f e c t  when compared t o  t h e  trans- 
l a t i o n ,  viewed on t h e  scale of t h e  patch.  
o r d e r ,  amounting t o  a cons tan t  b i a s  i n  t h e  f u n c t i o n s  t h a t  relate coord ina te  
v a l u e s  i n  one image t o  coord ina te  va lues  i n  t h e  o t h e r .  S i m i l a r l y ,  s c a l e ,  r o t a -  
t i o n ,  and skew are f i r s t  o r d e r  d i s t o r t i o n s ,  and keystoning, e t c . ,  a r e  h igher  
order .  I n  t h e  zero th  o r d e r ,  coord ina tes  - x i n  t h e  r e f e r e n c e  image and 1 i n  t h e  
r e g i s t r a n t  image are r e l a t e d  
The ;J; tches are chosen small enough t h a t  t h e  inter-+_mage s h i f t s  w i t h i n  
T r a n s l a t i o n  w e  w i l l  regard as z e r o t h  
h i - y i )  = bi , 
while  t o  f i r s t  o rder  they are r e l a t e d  
(xi-Yi) = CaiSYj $- bi 
j 
So, it is seen t h a t  t h e  above d e s c r i p t i o n  of t h e  o r d e r  corresponds t o  t h e  order 
of t h e  polynomial i n  t h e  equat ions  r e l a t i n g  t h e  coord ina tes .  
r e g i s t r a t i o n  is t o  s p e c i f y  t h e  mapping between t h e  r e f e r e n c e  and r e g i s t r a n t  
images, which is done i n  e i t h e r  "rubber-sheeting" form o r  by modeling. The 
l a t t e r  uses  r i g i d  d e s c r i p t i o n s  of t h e  sensor  geometry t o  permit  a n  economy i n  
d e s c r i b i n g  t h e  inter image coord ina te  r e l a t i o n s h i p .  %, r a t h e r  than  d e s c r i b i n g  
t h e  coord ina te  r e l a t i o n s h i p  i n  t h e  form above, c o e f f i c i e n t s  a r e  o f t e n  drawn 
t h a t  relate t h e  coord ina tes  through p la t form ephemerides and known sensor  
geometries.  
accuracy cons idera t ions ;  a n  optimum mapping method w i l l  r e q u i r e  t h e  fewest coli- 
t r o l  pa tches  t o  e s t a b l i s h  t h e  d e s i r e d  degree  of accuracy, since t h e r e  is a hidh 
c o s t  p e r  c o r r e l a t i o n  patch.  
The essence of 
This s e c t i o n  i n t e r r e l a t e s  wi th  t h e  previous one v i a  economic and 
Number, l o c a t i o n ,  and s i z e  of t h e  patches used f o r  c o n t r o l  p o i n t s  i s  a 
very important cons idera t ion  i n  t h e  des ign  of a r e g i s t r a t i o n  s y s t e m ,  from both 
economic and accuracy s t a n d p o i n t s .  A l a r g e  p a r t  o€ t h e  r e g i s t r a t i o n  computation 
load i s  propor t iona l  t o  t h e  nunber of t h e  patches and t o  t h e  second power of t h e  
patch dimension, s o  i t  behooves one t o  minimize t h e  number and i n d i v i d u a l  s i z e  
of t h e  patches.  A t  t h e  same time t h e  i n t e r a c t i o n  of t h e  spa t ia l  d i s t r i b u t i o n  of 
t h e  patches with t h e  remapping model w i l l  a f f e c t  t h e  accuracy of t h e  r e g i s t r a -  
t i o n ;  so t h e  l o c a t i o n  of t h e  populat ion of patches i s  a c o n s i d e r a t i o n  t o  b e  com- 
bined with t h e i r  number. 
correspondence between t h e  images i n  t h e  v i c i n i t y  of t h e  patch.  I f  i t  be assumed 
t h a t  e r r o r s  are n o t  sys temat ic  i n  t h e  e s t i m a t i o n  of t h a t  t r a n s l a t i o n a l  cor re-  
spondence, more patches ( i n  a neighborhood) a r e  b e t t e r  i n  t h a t  t h e  e r r o r s  w i l l  
tend t o  cance l .  However, a l though t h e r e  is no conceptual d i f f i c f i l t y  wi th  having 
patches over lap ,  t h e r e  is a l i m i t  t o  t h e  number of f u n c t i o n a l l y  independent 
* i t ches  t h a t  can be drawn from any image. That number p u t s  an  upper l i m i t  t o  
t h e  tendency f o r  growth t o  l a r g e r  number of patches i n  o r l e r  t o  have s t a t i s t i ca l  
c a n c e l l a t i o n  of e r r o r s .  
One pa tch  g ives  a s i n g l e  es t imat ion  of t h e  t r a n s l a t i o n a l  
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There is a t radeoff  i n  t h e  determinat ion of t h e  optimua s i z e  of a c o r r e l a -  
t i o n  pa tch  t h a t  i s  dependent on t h e  accuracy with which t h e  a p r i o r i  c o r r e c t i o n s  
can account f o r  t h e  e w o u n t e r e d  m i s r e g i s t r a t i o n .  Consider f i r s t  a pure ly  t r a n s -  
lat!.onal rnisregisLration. As t h e  s i z e  of t h e  pa tch  gecs l a r g e r ,  t h e r e  i s  more 
p i c t u r e  s t r u c t u r e  w i t h i n  i t ;  al though t h e  v a l u e  of t h e  c o r r e l a t i o n  peak is n o t  
a f f e c t e d ,  a t  t r a n s l a t i o n a l  l o c a t i o n s  of f  t h e  peak t h e r e  w i l l  b e  (genera l ly)  
lower c ross -cor re la t ion  va lues  due t o  t h e  l a r g e r  amount of s t r u c t u r e  wi th in  t h e  
window. 
of t h e  peak c c r r e l a t i o n  d iv ided  by t h e  c o r r e l a t i o n  i n  t h e  genera l  v i c i n i t y ) ,  
enabl ing  increased s e n b l t i v i t y  i n  d e t e c t i n g  a peak and perhaps increased  accura- 
cy i n  determining t h e  l o c a t i o n  of t h e  pea:.. 
The r e s u l t  i s  a n  enhancement of t h e  peak-to-background r a t i o  ( t h e  v a l u e  
Now, however, consider  t h e  r a m i f i c a t i o n s  of f i r s t - o r d e r  d e p a r t u r e s  from t h e  
c o n d i t i o n  i n  which t h e r e  are only t r a n s l a t i o n a l  o f f s e t s  between t h e  images being 
r e g i s t e r e d  ( i . e . ,  suppose t h e r e  are skew and scale d i f f e r e n c e s  as  w e l l  as trans- 
l a t i o n ) .  
l a t e d  are coinc ident  ( t h a t  i s ,  t h e  p o s i t i o n  one would want t o  f i n d  as a r e s u l t  
of t h e  c r o s s - c o r r e l a t i o n  process) ,  p i c t u r e  s t r u c t u r e  towards t h e  edges of t h e  
patches w i l l  be r e l a t i v e l y  d isp laced  by scale and skew d i f f e r e n c e s .  
t o  t h e  t i a n s l a t i o n - u n l y  s i t u a t i o n ,  t h e  c o r r e l a t i o n  i n  t h i s  c a s e  i s  reduced as 
t h e  s i z e  of t h e  image is increased .  But  t h e  presence of effects o t h e r  than 
t r a n s l a t i o n d  o f f s e t s  does n o t  mandcite t h e  u s e  of t h e  s m a l l e s t  p o s s i b l e  patch-- 
one pixel!--because t h e  c o r r e l a t i o n  i s  a t  i t s  n o i s i e s t  t h e r e .  For a b inary  ex- 
t r a c t e d  f e a t u r e  on which c o r r e l a t i o n  is being done, t h e  C o r r e l a t i o n  takes  on 
only t h e  va lues  zero  o r  one f o r  t h e  one-pixel pa tch ,  and i t  would b e  impossible  
t o  l o c a t e  a peak. 
reasonable  envelope f o r  t h e  d i s t o r t i o n s  (beyond t r a n s l a t i o n a l )  t h a t  one expec ts ,  
and works out  t h e  spatial  range over  which they would cause s i g n i f i c a n t  d i s p l a c e -  
ments fo r  t h e  t r a n s l a t i o n a l l y - c o r r e c t  2 o s i t i o n .  
I n  t h e  p o s i t i o n  i n  which t h e  t r u e  c e n t e r s  of t h e  pa tches  being cor re-  
In c o n t r a s t  
So one determines an optimum patch s i z e  by cons ider ing  a 
Where a p p r o p r i a t e  by n e c e s s i t y  of increased r e g i s t r a t i o n  accuracy, a re- 
e n t r a n t  technique i s  p o s s i b l e .  I n  t h a t  technique, patches of t h e  o r i g i n a l  
images are e x t r a c t e d  and run  through t h e  c o r r e l a t l o n  process .  
remapping f o r  t h e  whole image is t h e n  used t o  r e e x t r a c t  t h e  c o r r e l a t i o n  t h e  
c o r r e l a t i o n  patches,  which can now be a t  least f i r s t - o r d e r  c o r r e c t e d  f o r  t h e  
modeled d i s t o r t i o n s .  
The rc lsul t ing 
The patches arc. e x t r a c t e d  from t1.e input  imagery by 
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resampling onto  a g r i d  der ived  fiam t h e  f i r s t  r e g i s t r a t i o n  process ,  and conse- 
quent ly  l a r g e r  patches,  wich p o t e n t i a l  for increased  accuracy, may be drawn. 
The cost of such a r e e n t r a n t  technique i s  n o t  n e c e s s a r i l y  t o  double  t h e  compu- 
t a t i o n  time, inasmuch as a c o a r s e r  r e g i s t r a t i o n  j o b  is enabled f o r  t h e  f i r s t  
pass. 
As mentioned earlier, t h e  s t r a t e g y  f o r  l o c a t i o n  of t h e  c o r r e l a t i o n  pa tches  
is important.  I n  t h e  case of  t h e  MDP, t h e r e  is a s c a t t e r i n g  of patches amount- 
in* t o  approximately 0.1% of t h e  scanned area (say 10 patches of 32x32 p i x e l s  
w i t h i n  a frame of 3596x2983 p i x e l s ) .  
area t o  c o n t r o l  t h e  o v e r a l l  r e g i s t r a t i o n  accuracy t o  an  a c c e p t a b l e  l e v e l ,  t h e  
patches must be l o . . ~ t e d  e f f i c i e n t l y  so as t o  exercise reasonable  c o n t r o l  over  
t h e  e n t i r e  image. Fdr ther ,  t h e  modeling of  t h e  scanner  behavior betweci z o n t r o l  
p o i n t s  becomes of paramount importance. I n  t h e  o t h e r  extreme, t h e  JSC Regis t ra -  
t i o n  Processor a c t u a l l y  uses  something over  100% of t h e  area of  t h e  r e g i s t r a n t  
image, when i t  is taken  i n t o  account t h a t  t h e  patches over lap  s l i g h t l y  (about 
7 p i x e l s / l i n e j  . 
I n  o r d e r  f o r  t h i s  smali a c o r r e l a t e d  
The r e g i s t r a t i o n  of two images l o g i c a l l y  breaks i n t o  two phi losophica l ly  
d i f f e r e n t  kinds of operat ions-- the determinat ion of t h e  mapping of t h e  coordi-  
n a t e  g r i d  of the  r e f e r e n c e  image i n t o  t h e  coord ina tes  of t h e  r e g i s t r a n t  image 
onto t h a t  remapped g r i d  of  t h e  r e f e r e n c e  image. 
by t h e  s e l e c t i o n  of patches w i t h i n  which inter image comparisons g ive  t h e  l o c a l  
estimate of t h e  mapping ( t y p i c a l l y  j u s t  t h e  t r a n s l a t i o n a l  c h a r a c t e r i s t i c s  are 
determined a n  an  ares small enough t h a t  t r a n s l a t i o n  i s  t h e  dominant effect  over  
t h e  s i z e  of t h e  pa tch) .  
inter image comparisons done on t h e  patches,  and s i n c e  t h e  accuracy of t h e  over- 
a l l  r e g i s t r a t i o n  de:)ends l i n e a r l y  on t h e  accuracy with which a s i n g l e  patch is 
compared between images, and a l s o  s i n c e  t h e  nodel ,  usual:y d r i v e n  by tL.e t rans-  
l a t i o n a l  o f f s e t s  determined a t  t h e  patches,  vi11 be more t i g h t l y  and a c c u r a t e l y  
determined with a " s u f f i c i e n t "  number and d i s t r i b u t i o n  of patches,  i t  is very  
important t h a t  t h e  fol lowing q u a l i t i e s  a r e  achieved i n  t h e  l o c a t i o n  of t h e  
c o n t r o l  patches.  
The mapping process  i s  guided 
Since cons iderable  computation e f f o r t  goes i n t o  t h e  
1. The comparison method al lows a n  accuracy of inter image comparison a t  least 
as good as the  r e g i s t r a t i o n  accuracy d e s i r e d  f o r  t h e  whole process .  Other- 
w i s e  one u s t  use  a s u p e r f l u i t y  of c o n t r o l  patches and hope tnat they 
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c o n t r i b u t e  independent measurements, wi th  e r r o r  c a n c e l l a t i o n ,  t o  t h e  re- 
mapping model. 
The model being d r i v e n  by t h e  c o n t r o l  patches is s u f f i c L  . & y  highly de- 
t a i l e d  t o  account f o r  t h e  e n t i r e  behavior  of t h e  r e l a t i v e  geometry i n  
between c o n t r o l  p o i n t s .  
Th-. l o c a t i o n s  of t h e  cori t rol  p c i n t s  are chcsen t o  i n t e r a c t  s e a s i t i v e l y  
with t h e  modeling geometry. For example, i f  a s i n u s o i d a l  component t o  t h e  
inter image geometry i s  hypothesized, one would n o t  want c o n t r o l  pci . i ts  ( t h e  
c e n t e r s  of t h e  pa tches)  placed a t  uniform one-period s e p a r a t i o n s  w i t h i n  t h e  
imag2. 
t i v e  geometry look t h e  same as a t r a n s l a t i o n a l  o f f s e t .  
I f  they were, a l i a s i n g  would have t h e  r e s u l t  of a s i n u s o i d a l  rela- 
This  s e c t i o n  d i s c u s s e s  some a s p e c t s  of  l w a t i o n  of c o n t r o l  p o i n t s  ( taken as t h e  
c e n t e r s  of t h e i r  c o n t r o l  pa tches) .  
L e t  t h e  r e g i s t r a t i o n  of Image 1 t o  Image 2 b e  def ined  as t h e  mappine of 
t h e  coord ina tes  ( i , j )  i n  image 1 t o  t n e  coord ina tes  (k,’) i n  Image 2 ( i . .  , w e  
t r i l l  do only t h e  geometric p o r t i o n  of t h e  problem!. 
2 Suppose t h e  “ t r u e “  r e l a t i o n s h i p  is given by F and F 1 
i = Fl(k,l) j = F ( k , l ) ;  2 
let  them be est imated as a r e s u l t  of t h e  inter image c o r r e l a t i o n  and modeling by 
h 
f l  = F1’ f 2  = F2 
Then t h e  root-mean-square r e g i s t r a t i o n  e r r o r  (RMSE) is 
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where is  t h e  i n t e g y a l  over  t h e  area of t h e  inage,  and v a r i o u s  assumptions 
are included regzrd ing  o r t h o g o n a l i t y  of t h e  coord ina te  axes ,  samene s of scale 
on those  axes,  Atc. 
i n g  t o  some senssr /p la t form model, o r  act o rd ing  t o  o t h e r  l i m i t a t i o n s  on t h e  coin- 
p l e x i t y  such as a mapping of no h igher  o r d e r  than a f f i n e ,  and cha t  t h e  mapping 
// -&3e 
Fur ther ,  suppose t h e  mapping f l  and f 2  t o  b e  der ived  accord- 
fl and f is determined by a f i n i t e  niimber of c o n t r o l  p c - n t s  w i t h i n  t h e  h a g e s .  
If t h e  h a z e s  are n o t  i n i t i a l l y  p a t h o l o g i c a l l y  m i s r e g i s t e r e d ,  we Gay rcasunably 
2 
express  t h e  mapping by beginning w i t h  t h e  s imples t  of mappings, 
f l ( k , l )  = k , f 2 ( k , l )  = 1 
i' and then inc lude  t h e  devia t ions  g 
This s l i g h t l y  complicates  t h e  exprtsL .m f o r  RMSE but  f a c i l i t a t s  t h e  a n a l y s i s  
of s e n s i t i v i t y  w i t h  r e s p e c t  t o  c o n t r o l  po in t  l o c a t i o n .  T r a n s l a t i o n a l  o f f s e t s  
are w r  I.t t e n  
a f f i n e  mappings have t h e  genera l  form 
g l ( k , l )  = 5 0 + aik + a 2 1 
g 2 ( k , l )  = b + b.k + b21 ; 
0 I 
keystoning is modelable by t h e  i n c l u s i o n  of a c r o s s  term, 
gl(k. l )  = a + a k + ;i 2 1 + a3U 
g 2 ( k , l )  = bo + blk + b21 + bjk l  
0 1  
, 
r tc .  
We cons ider  a c o n t r o l  p o i a t  e s t a b l i s h e d  between t h e  images. L e t  ~(51) 
be t h e  der ived estimate of t h e  ' t rue"  c f f s e t  hetween t h e  imzges, and let C 
be t h e  est imated covariance of the estimate t. 
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By a method unspecified here (so as i o  preserve gene ra l i t y ) ,  t h e  set of con t ro l  
?oints  {b., In, t m ,  Em) is then used t o  generate  the. mapp'-&g runctioirs gl and g2. 
Let  us make some simplifying a s s u p t i o n s :  
1. -Thc method of obtaining g and g w i l l  work with any number of con t ro l  po in ts  1 2 
( e . g . ,  no concTo1 poincs gives  g and g 1 2 
allows a t r a n s l a t i o n a l  so lu t ion ,  e tc . ) .  
i d e n t i c a l l y  zero,  one con t ro l  po in t  
2. ?he method of obLaining g and g2 is t r a c t a b l e  t o  l i n e a r i z a t i o n .  
3.  A p r i o r i  estimates of c are ava i l ab le  (they might be i n  t h e  f o n  
C = diag(o2, 3') o r  C = C 2 1  . 
a P  2 a P  
4. The a p r i o r i  estimates of C are irLdependent of loca t ion .  
and g2 are zero. (Otherwise t h e  image could 1 5 .  The a p r i o r i  es t imates  of g 
be adjusted according t o  t h e  a p r i o r i  es t imates  so t h a t  t h i s  would be t rue.)  
We are now i n  pos i t ion  t o  f ind  the  s e n s i t i v i t y  of t he  papping funct ions g1 and g, 
TO t h e  loca t ion  of a s i n g l e  cont ro l  p o h t ,  thAt s e n s i t i v i t y  being a funct ion of 
locat ion of cont ro l  po nt i a  the  refczence image and of loca t ion  i n  t h e  r e g i s t r a n t  
image. The s e n s i t i v i t y  ca3 be converted i n t o  an rms value  by in t eg ra t ion  over 
t h e  r eg i s t r an t  ilnage, as w i l l  be seen, and thus an i d e a l  Location of t h e  f i r s t  
cont ro l  point is  spec i f ied .  
- 
i k 
(vector) fur .  ;Lon g such t h a t  
Defining y = (.), 5 = ( ), w e  have used t h e  set { E ,  t, t o  produce t h e  J 1 
The f a c t  t h a t  t he  va r i a t ion  in ,  say,  t h e  f i r s t  coordinate  of 41. is given by 
lcalls us t o  t h e  vec to i  variatior.  i n  : 
i n  which J is the  Jacobian matrix - 
32f 
a% -- 
ax- 
ORIGINAL PAGE IS 
OF POOR QUALITY 
The covariance in y is  c a l c u l a t e d  from S t h e  covar iance  in  - x, as follows. 
X '  
T Taking expec ta t ion  va lues ,  and aasumirig t h a t  t h e  e x p e c t a t i o n  of -- Sx dx 
estimated from t h e  c o n s i d e r a t i o n s  of t h e  c r o s s - c o r r e l a t i o n  s u r f a c e  f o r  t h e  point, 
is as 
T c = ?2;E J Y x -  
which w i l l  b e  a non-constant f u n c t i o n  of y inasmuch as t h e  p a r t i a l s  forming 
are n o t  consLant. 
t r a t i o n  uncer tc in ty .  
- 
The t r a c e  of  L g i v e s ,  as a f u n c t i o n  of 1, t h e  squared r e g i s -  
Y 
W e  can average over  t h e  inage and t a k e  t h e  square  r o o t .  
8 
M E  = \I' ff t r  I dA . 
area Y image 
A l t e r n a t i v e l y  t h e  trace can  be taker: af ter  i n t e g r a t i o n  ( t h e  o p e r a t i o n s  conmunite): 
I 1 dA) 1 W E - u -  area tr (inde y 
Note t h a t  t h e  RMSE so c a l c u l a t e d  is  a f u n c t i o n  of x ,  - t h e  l o c a t i o n  of t h e  f i r s t  
c o n t r o l  p o i n t .  I f  a p r i o r i  va lues  for C and - -  t (x) are  used ( t h e  l a t t e r  being 
zero), we have an a p r i o r i  estimate of t h e  s e n s i t i v i t y ,  measured i n  terns of 
coord ina tes  i n  t h e  image, as a func t ion  of l o c a t i o n  of t h e  f i r s t  c o n t r o l  p o i n t .  
F ix ing  t h e  l o c a t i o n  of t h e  f irst  c o n t r o l  po in t  a t  t h e  l o c a t i o n  t h a t  minimizes 
RMSE, then an  e x a c t l y  s i m i l 3 r  procedure l e a d s  t o  t h e  l o c a t i o n  of t h e  best place  
t o  p o s i t i o n  t h e  seccjnd c o n t r o l  po in t .  The RMSE should monotonically d e c l i n c  as 
t h e  number of  o?timally-placed c o n t r o l  p o i n t s  i n c r e a s e s ,  and t b e  s y s t e m  des igner  
can q u i t  adding c o n t r o l  p o i n t s  when t h e  a i i t i c ipa ted  accuracy h a s  g o t t e n  t o  
requirement l e v e  1. 
x 
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It is  t r u e  t h a t  t h e  placement of n con t ro l  po in t s  by t h i s  technique w i l l  
(probably) no t  produce as good accuracy as n po in t s  placed opt imal ly  as an en- 
semble. 
is a s u b s t a n t i a l l y  more complicated one. 
such an algorithm. 
and RMSE is ca lcu la ted  i n  t h e  genera l  manner as descr ibed above. 
of t h e  f i r s t  po in t  is permitted t o  vary about its o r i g i n a l  loca t ion ,  and RMSE is 
observed; t h e  loca t ion  is  a l t e r e d  u n t i l  a minimum of RMSE agains t  f i r s t -po in t -  
l oca t ion  is found. Then, t he  second is allowed t o  vary,  and its minimum loca t ion  
found. S imi la r ly  through t h e  set of n con t ro l  po in ts ,  and the  procedure is 
i t e r a t e d  f o r  a l l  t h e  con t io l  po in t s  again until each point  is a t  a minimum. 
even t h i s  r e l axa t ion  technique guarantees only a r e l a t i v e  minimum, f o r  small de- 
v i a t i o n s  of cont ro l  po in t  locat ion.  
more po in t s  t o  achieve a given l e v e l  of an t i c ipa t ed  accuracy than t h e  minimum 
number m e s t i n g  t h e  requirements with t h e  r e l axa t ion  technique, but t h e  sequent ia l  
technique is, as mentioned earlier, more t r a c t a b l e .  
The algorithm f o r  determining t h a t  optimal ensemble pos i t ion ,  however, 
The following r e l axa t ion  technique is 
The n po in i s  are placed according t o  some scheme i n  t h e  image, 
The pos i t i on  
But, 
The sequen t i a l  techaique is l i k e l y  t o  r equ i r e  
This problem, optimizing loca t ions  of con t ro l  po in ts ,  is analogous t o  t h e  
statist ical  problem of s e l e c t i n g  a set 
set 
more p r a c t i c a l  t o  select an oversupply of x 's and drop members one a t  a time 
according t o  a u t i l i t y  c r i t e r i o n ,  u n t i l  t he  required performance would f a i l  i f  
any f u r t h e r  members were dropped. 
po in ts  could proceed s i m i l a r l y .  
x a t  which t o  eva lua te  t h e  assoc ia ted  
It has  proven 
i 
Yi , t he  corn5ination t o  d r i v e  a regress ion  between x and y.  
i 
A p r a c t i c a l  scheme f o r  l oca t ion  of con t ro l  
All too o f t en ,  a des i red  cont ro l  point  loca t ion ,  even w i t h  t h e  allowance of 
smali devia t ions  around i t ,  w i l l  no t  conta in  p i c t u r e  s t r u c t u r e  t o  pe rmi t  s u f f i -  
c i e n t l y  accurate cross-correlat ion.  The s t r a t egy  f o r  cont ro l  point  l oca t ion  
should be robust aga ins t  f a i l u r e  t o  f i n d  proper s t r u c t u r e  a t  a subset  of t h e  
idea l  con t ro l  po in t  loca t ions .  
f a i l u r e  would send one back t o  the  image t o  ob ta in  another set of cont ra1  poin ts .  
An i t e r a t i v e  scheme is envisioned, i n  which t h a t  
These techniques seem c l e a r l y  impract ical  t o r  one-shot appl ica t ion .  The 
amount of time spent  i n  t h e  computations could b e t t e r  have been spent i n  g e t t i n g  
on with the  r e g i s t r a t i o n  probleni by cas t ing  an o v e r k i l l  of cont ro l  po in ts  i n t o  
the  image, and j u s t  proceeding. The app l i ca t ion  f o r  such techniques is i n  a 
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production environment, where the  fewest cont ro l  po in t s  L?ith t h e  mst advantageous 
e f f ec t  5s desired.  
covariance, a general  optimal s t r a t e g y  f o r  con t ro l  point  l oca t ion  is  d r a m -  
covariance est imat ion is done e i t h e r  e n t i r e l y  wit5out prejudice (C 
i f  a l a rge  nuiaber of images are to  be reg is te red  aga ins t  a s i n g l e  base image (as 
in t h e  authors '  case, multitemporal a g r i c u l t u r a l  images of certain ground areas), 
t h a t  base image can be invest igated f o r  t h e  est imat ions of 1. 
Using the  remapping model and t h e  a p r i o r i  estimates of t he  
- 0'1). o r  The 
a P  
To the  authors '  knowledge. t h i s  s o r t  of optimal placing of cont ro l  po in t s  
has not  been done. 
given frame of Landsat da t a  coming from not  only t h a t  frame but from adjacent  
frames a5 yell. In t h e  LACIE Processor , t he re  w a s  e s s e n t i a l l y  only a s i n g l e  
point, che e n t i r e  image; t r a n s l a t i o n a l  r e g i s t r a t i o n  alone w a s  done, wi th  nearsst- 
neighbor resampling f ollowing t r a n s l a t i o n a l  co r re l a t ion  done on whole-segment 
basis. 
poin ts  placed a t  the  corners  and center  of t he  image. In t h e  DAH Package3', manual 
cont ro l  po in ts  are se lec ted  with admonishmnts t o  spread them out w e l l  i n  t he  image 
being reg is te red .  t h e  JSC Regis t ra t ion  h o c e ~ s o r ~ ' ~ ,  t h e  cont ro l  po in ts  are 
placed on a uniform g r id ,  t he  patch s i z e  and spacing r e l a t i n g  so as t o  cause 
overlap.  In t h e  "automatic" r e g i s t r a t i o n  system31 f o r  t h e  U C I E  ground t r u t h  
segments, cont ro l  points  are i n i t i a l l y  placed on a 
deviat ions allowed i n  order  t o  f ind  a s u i t a b l e  co r re l a t ion  peak. 
processors with uhich the  authors  are familiar, it has been t h e  p rac t i ce  t o  
follow 3ne 's  i n s t i n c t s  ra ther  than t o  code i n  a sophis t ica ted  patch loca t ion  
algorithm. 
elaborats methods, b u t  i t  remains possible  t o  make algorithraic - ::mvements t o  
permit s u f f i c i e n t  accuracy with minimum computat <.on load. 
The MDP uses hand-picked cont ro l  po in ts  with con t ro l  i n  any 
4 
An experiment" associated with the  LACIE Processor u t i l i z e d  f i v e  cont ro l  
uniform g r id ,  with small 
i n  a l l  t he  
The success of those processors ind ica tes  t he  e f f *  -- of t h e  less- 
Non-Controi Point Methods 
The previous sec t i cns  d e a l t  w i t h  the a t e p - w i s e  manner of f i r s t  matching 
images within l o c a l  patches o r  cont ro l  points  and then f i t t i n g  the  f u l l  mapping 
f u n c t l m  t o  t h e  r e s u l t a n t  array of po in t -sh i f t s .  Although the  complexity of 
s t ra ightforward multidimensional co r re l a t ion  (say, h translatior. ,  r o t a t ion ,  
scale change, e t c  .> general ly  makes i t  prohib i t ive ,  a fo r tu i tous  property of 
a f f i n e  d i s t o r t i o n s  w d e r  Fourier transformation has given rise t o  such a method 32 
3 31 
which may show promise. 
r o t a t i o n ,  scale change, and skew o r  shear  d i s t o r t i o n ,  i n  a d d i t i o n  t o  pure t rans-  
l a t i o n )  t h e  t r a n s l a t i o n  maps i n t o  a phase f a c t c r  i n  t h e  frequency donain,  and 
t h e  mcdulus of the t r a n s f o r a  f u n c t i c n  e x h i b i c s  a similar, a f f i n e  d i s t o r t i o n .  
This f a c t ,  couplcd dAch t h e  f a c t  t h a t  t y p i c a l  a g r i c u l t u r a l  scenery shows con- 
s i d e r a b l e  s p a t i a l  s t r u c t u r e ,  f a c i l L z i e s  t h e  u s e  of Four ie r  t ransforms For match- 
i n g  i n  a n  easier way than w i t h  t h e  images themselves. 
t u r a l  scenes g e n e r a l l y  casts t h e  major p o r t i o n  of t h e  s p e c t r a l  energy (i-e.,  
t ransform modulus) along two nearly-perpendicular axes, corresponding t o  t h e  
presence o f  r e c t a n g u l a r  f i e l d  and road structure. 
two transformed images can be sought  o u t  by searching  f o r  l i n e s  of m a x i m a ,  and 
t h e  matching need only occur  o v e r  t h e  axe;, r a t h e r  t h a n  over  t h e  whole domain. 
The r o t a t i o n  and s k e w  are determined by r o t a t i n g  corresponding axes  i n t o  coin-  
c idence,  and scale changes are determined by matching energy d i s t r i b u t i o n s  along 
t h e  ases. 
mined (wholly from t h e  nodulus) ,  t h e  t r a n s l a t i o n  is determined from t h e  phase.  
It is shown t h a t  even w i t h  a f f i n e  d i s t o r t i o n s  (i.e., 
The s t r u c t u r e  of a g r i c u l -  
In t h a t  case t h e  axes of t h e  
Once t h e  linear p o r t i o n  of t h e  a f f i n e  t ransformat ion  h a s  been deter- 
The method w a s  used s u c c e ~ s f u l l y ~ ~  t o  determine r o t a t i o n  and skew d i s t o r -  
t i o n  i n  a i r b o r n e  scanner  d a t a .  
t h e  axes f o r  scale change de termina t ion  is s e n s i t i v e  enough t o  g i v e  a good scale 
s o l u t i o n  because t h e  modulus probably changes f a r  more slowly a long  an  a x i s  than  
t r a v e r s e  t o  i t .  This ques t ion  should b e  addressed and t h e  method t r i e d  on o t h e r  
d a t a  types  and scene  types  b e f o r e  f u r t h c i  conclus ions  are drawn. A t  p r e s e n t ,  
t h e  method does seem a p p l i c a b l e  t o  a g r i c u l t u r a l  images i n  which only t r a n s l a -  
t i o n ,  r o t a t i o n ,  and skew are p r e s e n t .  
It is n o t  c e r t a i n  t h a t  modulus-matching a long  
S u m a r v  and Conclusions 
P number of image c o r r e l a t i o n ,  match o f f s e t  de te rmina t ion ,  c o n t r o l  p o i n t  
placement, and g e o n e t r i r a l  nodel ing techniques are i n  u s e  todzy,  but t h e r e  is 
s t i l l  cons iderable  ground t o  cover .  There appears  t o  have been l i t t l e  e f f o r t  
i n  interchanging methods, e .g . ,  t r y i n g  d i f f e r e n t  o f f s e t  determinat ion techniques 
wi th  each matching technique,  e tc .  Perhaps t h e  g r e a t e s t  p o t e n t i a l  f o r  s o r r e l a -  
t i o n  improvements l i e s  i n  increased computational e f f i c i e n c y  and s p e e d .  Several  
new matchin, techniqces  appear t o  show promise, bdt  they need t o  bc t e s t e d  O I L  a 
wider range of image d a t a .  There is  room fo i  improvement i n  t h e  trobustncss of 
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o f f s e t  determination schemes. 
wi th  representa t ive  da ta .  
ou t  r e j e c t i n g  good f i x e s  are se r ious ly  needed. 
The various schemes need t o  be compared when used 
Improved techniques for i den t i fy ing  f a l s e  f i x e s  v j th -  
e t h o d s  of m d e l i n g  sensor anomalies such as l a t e  liiie start p ~ r t u r b a t i o n s  
need f u r t h e r  inves t iga t ion .  
or does i t  change with time? 
d i s t o r t i o n  on c ross -cor re la t ion  is needed by  evaluat ing t r adeof f s  between patcir 
size and i t e r a t i v e  r e g i s t r a t i o n .  Control po in t  placement techniques need t o  be 
compared i n  terms of o v e r a l l  perfomance;  p a r t i c u l a r l y ,  t h e  adapt ive placement 
scheme described earlier needs t o  be tes ted .  
be invest igated for  t h e i r  a p p l i c a b i l i t y  t o  r e g i s t r a i i o n .  
Is t h e  cu r ren t  MSS scan uonuniformity model adequate, 
More a t t e n t i o n  t o  t h e  degrading e f f e c t s  of geometric 
Robust es t imat ion techziques silould 
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TEMPLATE MATCHING: 
z (REFERENCE P I X E L S )  X (SEARCH P I X E L S )  
z (SEARCH P1XELS)Z  
W I NOOW 
'rl I NDOW 
- FOR EOCE IMAGES: 
NO. OF CCINCIDENCES 
NO. SEARCH EOGES P (SEARCH P I X E L = E D G E I R E F . P I X E L = E D G E )  
" C L A S S I C A L "  CORRELATION: 
z (REFERENCE P I X E L S )  X (SEARCH P I X E L S )  
(REFERENCE P I X E L S ) '  X E (SEARCH P I X E L S ) '  [.lNpow W I DOW W 1NDOW 
- FOR EDGE IMAGES: 
- NO. OF COINCIDENCES 
- 
b (NO. CF REF. EOGES J N O .  SEARCH E O G E S  
Figure A. Normalization Options For 
Regi s t r a t i  on Cross-Corm 1 a ti on 
A - P R I O R I  ( M D P )  HAPPING FUNCTION: 
MAPPING = N U L L  
COVARIANCE CM = H@P COY.  O f  REG. + MDP COV. CF REF.  
- 
R E S I D U A L  MAPPING F I T :  
MAPPING A F F I N E  X = ( ~ T ~ ) - ' A T ~  
COVARIANCE C R  = <A T -R-l 
- 
COMBINATION OF F I T  AND A P R I O R I  
( A N  I N S E R T  ADDITIONAL SHRINKAGE a 
- 1  - 1  -1 - 1  
'R 5 x = . < 3 c  + C R  ) - - H -- 
-1)-1 c = 13c"-1  CR - - - 
. r .  ;qure 2. Weighted Incorporation o f  Residual Mapping F i t  
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7.5 PHOTOGRANHETRIC ASPECTS OF RENAPPING PROCEDURES* 
i, J.Le+L 
@>. Edward M. Hikhail  , Rurdue U n i v e r s i t y  
The presentatioti  w i l l  d i s c u s s  a spec t s  s p e c i f i c  t o  photogrametry,  p a r t i c u l a r l y  
photogrammetric cont ro l  generat ion.  I n  order t o  avoid having t h i s  t a l k  be 
more or less t u t o r i a l ,  I w i l l ,  a t  t h e  end o f  t h e  t a l k ,  make t h e  discussion 
relevant t o  remote sensing da ta  reduction. 
Referring t o  Figure 1, t h e  o u t l i n e ,  I w i l l  b r i e f l y  go through severa l  aspec ts  
of photogrammetry, including a c l a s s i c a l  def in i t io r .  of r e c t i f i c a t i o n  vhich 
existed i n  photogrammetry for many years and then show how it changed t p  f i t  
t h e  context of what we do a t  present w i t h  remote sensing data .  Since I was 
s p e c i f i c a l l y  asked t o  d i s c u s s  t r i angu la t ion ,  o r  a t  l e a s t  ground cont ro l  gener- 
a t ion  photogrammetrically, 1'11 be t a lk ing  a l i t t l e  b i t  about t h a t  and tnen I 
w i l l  go i n t o  t h e  HSS a i r c r a f t  da ta  work t h a t  we've been doing a t  Purdue a t  
l e a s t  i n  my a rea  o f  engineering f o r  over seven years. A t  t h e  end ,  I hope t o  
have time t o  o f f e r  some conclusions. 
There a r e  broad d e f i n i t i o n s  f o r  photogrammetry. However, a s  shown i n  
Figure 2, I ' m  going t o  concern myse l f  here w i t h  ex t r ac t ing  information from 
photographs and images t h a t  a r e  of metric  qua l i ty .  Fundamentally a photograph 
or an image, no matter which way it is acquired, is bas i ca l ly  a tuo-dimension- 
a1  representat ion o f  a three-dimensional space. This is shown schematically 
i n  Figure 3 f o r  a frame photograph. If  we do not take t h i s  f a c t  i n t o  consid- 
e ra t ion ,  we a r e  l i k e l y  t o  have problems, and I ' m  sure many o f  u s  have '\?d 
t h a t  . 
I n  o rder  t o  recover the  information about t he  ob jec t ,  we bas i ca l ly  a r e  going 
i n  t h e  d i r ec t ion  from where the  data  was acquired back i n t o  the  ob jec t ,  and 
t h e  only way we can ge t  t h e  information co r rec t ly  i s  t o  do one of two things.  
E i t h e r  t o  assume t h a t  t h e  ob jec t  is  an average plane l i k e  it was desired yes- 
terday by Fred B i l l i n g s l y ,  or  we would have t o  have an ex terna l  source of 
information about t h e  ob jec t  i t se l f ,  such a s  having a d i g i t a l  e leva t ion  model 
as  I w i l l  mention a l i t t l e  b i t  l a te r .  
Obviously an a l t e r n a t i v e  t o  t h a t ,  which is a t y p i c a l l y  photogrammetric solu- 
t i o n ,  is t o  have more than one r ay ,  and there was a quest ion,  a t  l e a s t  one 
raiser: yestet-day a s  t o  what t he  impact of having more than one image record is 
on the  accurscy. I w i l l  show some r e s u l t s  on t h a t  a s  well l a t e r  on. Figure 4 
is a schematic of t h ree  conjugate rays from three frame photographs. 
Rec t i f ica t ion ,  c l a s s i c a l l y ,  was r e l a t ed  s p e c i f i c a l l y  t o  a repro jec t ion ,  a n d ,  
i n  t h e  context of a frame photograph, we assume t h a t  i t  is a perspective pro- 
j ec t ion  sf a three-dimensional space, a s  shown i n  Figure 5,  t h e  o r i g i n a l  pho- 
tograph w88 oriented not necessar i ly  w i t h  t he  o p t i c a l  a x i s  of the camera 
point ing downward. And what we would l i k e  t o  do is t o  ge t  another equivalent  
v e r t i c a l  photograph t h r c u g h  a transformation. The new Equivalent photograph 
wculd represent  a mean plane i n  t h e  terrain i t s e l f .  An extension t o  t h i s  is 
re fer red  t o  a s  d i f f e r e n t i a l  r e c t i f i c a t i o n  i n  photogrammetry and requi res  
hav!.ng more than one photograph. Figures 6 ,  7 and 8 show schema'ics i n  which 
the  tcrrai? .  is represented w i t h  small segments, each of which is d i f f e r e n t i a l -  
#Edited o r a l  presentat ion.  
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l y  r e c t i f i e d ,  t h a t  i s  t o  say,  now pa i ' a l le l  t o  the  datum and then placed pro- 
p e r l y  so t h a t  t he  e leva t ion  e f f e c t  has been taken i n t o  account. This is the  
procedure t h a t  produces the  orthophotos a s  I s  known i n  photogrammetry. The 
equivalent t o  t h a t  i s  t o  consider a s ing le  image, e i t h e r  a frame perspect ive 
photograph segmented i n t o  small patches o r ,  i n  t h e  case of t he  MSS imagery, t o  
consider each of t h e  p ixe ls  a s  i f  i t  were a segment. And i f  you have a d ig i -  
t a l  e levat ion model, and i f  you want a f u l l  r e c t i f i c a t i o n  i n  the  photogram- 
metric sense, then you can merge these  two tooether ,  and you can properly 
loca te  each one of  those elements back r e l a t i v e  t o  the  t e r r a i n  datum. I w & ? t  
t o  say t h a t  a s  f a r  a s  map project ion i s  concerned, t h a t  does nothing other  
than t o  change t h e  frame of ref:.rence of t h e  da ta .  It has absolutely nothing 
t o  do w i t h  the  f a c t  t h a t  you a r e  going e i t h e r  from three-dimensional t o  two- 
dimensional o r  m u l t i p l e  two-dimensional back t o  three-dimensional. The map 
project ion is  s t r i c t l y  a means of project ing the  sur face  onto a map. So i t ' s  
not the  same th ing  a t  a l l .  
Now, we illove on t o  the  t r i angu la t ion ,  which is the  procedure fo r  ge t t i ng  con- 
t r o l .  There i s  qu i t e  a l o t  of d e t a i l  t h a t  I should go through b u t  I cannot,  
due t o  lack of time. There a r e  d i f f c r e n t  t y p e s  of procedwes fo r  t r iangula-  
t i o n  a s  shown i n  Figure 9. For our purposes here ,  t he  one most commmly used 
technique i s  ana ly t i ca l  t r iangula t ion  where a l x g e  number overlapping images 
can be simultaneously reduced i n  such a manner a s  t o  produce very h i g h  accur- 
acy cont ro l .  The idea i s  t o  have m l t i p l e  rays  f o r  every point  on t h e  t e r r a i r .  
f o r  which you requi re  the  X ,  Y ,  and 2 loca t ion ,  a s  shown i n  Figure 10, and f o r  
each of those rays ,  you wr i te  t h e  proper equations.  And then you reduce the  
e n t i r e  set of mult iple  rays  simultaneously i n  cne ane ly t i ca l  -eduction method. 
Before you do t h a t ,  you need t o  have a t  l e a s t  es t imates  f o r  t h e  unknowns you 
sought fo r .  
Figures 11 and 12 show situa';.ions which a r e  r a the r  idea l ized  f o r  a typ ica l  
block of 20 a e r i a l  photograph?, and t h e  corresponding s t r u c t u r e  of normal 
equations used t o  der ive supplementary cont ro l .  The lower ha l f  of Figure 9 
ind ica t e s  t h a t  ana ly t i ca l  t r i angu la t ion  has reached a v e r y  Pigh degree of so- 
ph i s t i ca t ion .  Everything t h a t  en te r s  the mathematical model is  considered a 
s tochas t ic  var iab le  including t h e  ground cont ro l  t h a t  i c  ex te rna l ly  obtained 
by  ground means. And you w i l l  en te r  the image coordivates  PS observable w i t h  
t h e i r  a p r i o r i  ;:noun covariance matrices.  A l l  t h e  pokAble systematic e r r o r s  
t h a t  occur a r e  corrected according t o  the best models ava i lab le .  Control re- 
quiremerits a re :  f o r  t h e  horizontal  con t ro l ,  you need i t  around the perimeter; 
for  t h e  v e r t i c a l  con t ro l ,  you need it  well d i s t r ibu ted  through t h e  block. 
Figure 13 shows what a r e  ca l led  t h e  co l inea r i ty  equations.  Those a r e  fo r  
frame photographs b u t  can be modified for  a continuous s t r i p  camera which i s  
the  exact equiva1er.t of t h e  pushbroom l i n e a r  a r ray ;  i t  can be modified f o r  
panoramic photographs and a l s o  f o r  the  n. l t i s p e c t r a l  scanner imagery. 
So we have t h e  mathematics t o  go from regular  photogrammetric reduction t,c MSS 
reduction. I n  f a c t ,  we have done a l l  t h a t  a t  Purdue, including the block ad- 
justmenL of MSS dasa.  I w i l l  show you some results i f  I have a chance a t  t h e  
end. 
m a t  do we do i f  we have several  hundred photographs and fo r  each of the pho- 
tographs,  t he re  a r e  six unknowns. We end up w i t h  a v s r y  l a rge  s y s t e m  of l ine-  
ar equations,  ac tua l ly  they a r e  o r ig ina l ly  nonl inear ,  b u t  a r e  l inear ized .  We 
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take advantage of t h e  c h a r a c t e r i s t i c s  of t h e  normal equation s t r u c  L u r e  which 
is v e r y  sparse ly  populated by nonzero elements a s  shown i n  F i g u r e  17. We a l s o  
take advantage of techniques of  folding p a r t s  of t h i s  matrix i n  sue' a way 
t h a t  we end up with only a subsct of the  unknowns, and it qive3 u s  a banded 
bordered s t r u c t u r e  of Ea t r i ces  which a r e  re lbt ively e f f i c i e n t l y  reduced. 
So what do we ge t  from the ana ly t i ca l  t r iaqgula t ion  scheme? Well, we w i l l  
b a s i ca l ly  g ” t  X ,  Y and Z fo r  a l l  po in ts  of i n t e r e s t  f o r  which we had i n p u t  
image coordinates,  based on a skeleton of cont ro l  points  around the  perimeter 
and a few i n  t he  center .  As regards accuracy, working w i t h  frame phntography, 
and t h i s  o f  course may probably look out  of context here ,  we ca? go down t o  
th ree  micrometers a t  the  plane of the  image f o r  the  cont ro l  t h a t  we have ob- 
tained from a e r i a l  photography ( F i g w e  9). 
The l a s t  sec t ion  of t h i s  t a l k  b r i e f l y  covers work we did a t  Purdue. Three 
papers, l i s t e d  as  re ferences ,  w i l l  b r i e f l y  be dfscussed. Figure 14 shows the  
de t a i l ed  ou t l ine  f o r  t h e  f i r s t  paper, e s s e n t i a l l y  a s u r v e y  paper giving the  
aathematical  models we use when we ac tua l ly  deal  w i t h  MSS images as i f  t h e y  
were photogrammetric blocks of photographs. The ided is t h a t  f o r  each one of 
t he  loca t ions  of t he  sensor you would have nominally s i x  parameters descr ibing 
i t s  loca t ion  and a t t i t u d e .  ’his would lead t o  s i x  parameters pet p ix -1  i f  we 
t r e a t  the  problem i n  a vigorous manner, which w w l d  lead t o  a v e r y  l a ,  de num- 
ber w h i c h  would be  impossible t o  reduce (see Figure 15) .  For t h e  case of t he  
pushbroom scanner,  we have six parameters f o r  each l ine.  For p rac t i ca l  pur- 
pcises we segment t h e  image, and consider each segment a s  i f  a photogr;lph had 
S i x  elements ( X C ,  e t c . ) .  We t h e n  consider each of those elements ss if I t  
were a function of time. There is a l a rge  r,umber o f  p o s s i b i l i t i e s  with w; i - h  
we ac tua l ly  model the  ex te r io r  element and I have several  of those already 
ioentiorre? i n  those papers. There a r e  two bas ic  techniques: e i t h e r  t o  spec i f i -  
c a l l y  model everything we kncw about the sensor ,  o r  t o  Ltse some i n t e r p r e t i v e  
technique i n  order  t o  g e t  t he  information. 
Another important aspect is  t o  consider whether we want t o  work w i t h  ovly s i n -  
g l e  images which have the  l imi t a t ion  of considering only horizontal  (or X ,  Y )  
information, or we w i l l  work w i t h  tne block adjustment which then gives  u s  
a l s o  the Z.  I n  considerat ion of the  Z ,  t he re  a r e  two ways of looking a t  t h i s  
problem: either using the  remose s e n s i n g  data  for mapping purposes, or f o r  the  
purpose of merging the MSS information t o  o ther  sc-rces  of da t a ,  which would 
requi re  only r e c t i f i c a t i o n .  You want t o  r e c t i f y  i t  but not use it  f o r  mapping 
a s  such. So everything Roy Welch said yesterday war9 t o  meet map accuracy 
standards a s  i f  the MSS or its equivalent  (whatever the senzoi used) ac tua l ly  
does the  topographic mapping a t  appropriate  sca le .  What I am saying here  i s  
r e l a t ed  t o  the need t o  rectify t h e  dat; so  t h a t  you may der ive  3ther  tyres of 
information from it.  
Figure 16 shows the  s ing le  coverage results. One of the t h i n g s  t h a t  UP d i d  i s  
t o  taKe ‘I s t r i p  of MSS imagery and segment i t ,  write c o c s t r a i n t s  hetween seg- 
ments so  u a t  con t inu i t )  i s  preserved. As the  number of segments increases ,  
the  check, or whai ever xeasures yo’i h a v e  fo r  accuracy, would improve up  t o  a 
cer t s i t i  point and a f t e r  t h a t ,  o f  course,  i t  l e v e l s  o f f  because t h e  degrees of 
freeforn a r e  reduced ( see  Figure 1 7 ) .  Using r e a l  data  from th ree  sidelapping 
s t r i p s ,  the Z is indeed recoverable ( see  Figure 18). I don’ t  know i f  t he  gen- 
tleman who asked the question yesterday regarding t h e  use of s te-eo is  here or  
not but he was wondering what would happen i f  you use overlapping imagery. 
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T h i s  not only produces the  2 but i t  a l s o  improves t h e  recovery of !or izonta l  
coordinates by 40 and 60% a s  shown i n  Figure 19. There a r e  o ther  aspec ts  o r  
t h i s  work, namely t h a t  you could adapt techniques from the  block adjustment of 
:hotographs t o  be used with MSS. Notably, we have used geometric cons t r a in t s  
such a3 p o i n t s  ly ing  c,n s t r a i g h t  l ines  (e .g . ,  roads) .  The use of such con- 
s t r a i n t s  can replace the  need f o r  con t r c l ,  or i f  used i n  addi t ion  t o  con t ro l ,  
can lead t o  improved accuracy. 
I n  conclusion, we f e e l ,  i n  photcgrammetry, t h a t  we were not r e a l l y  heeded as 
much as we ought t o  have been; t h e r e ' s  a wealth of i r formation,  a wealth of  
technology tha t  i s  useable w i t h  remcte s e n s i n g  iaagery.  Everythi-ng I ' v e  said 
here,  of course,  r e l a t e s  t o  a i r c r a f t  MSS da ta  which is t he  one thing I had 
continued t o  work w i t h .  We have not t he  equivalent  tning w i t h  Laidsat f o r  
obvicus reasons I t  was a tremendous jump t c  go from the  micrometer l e v e l  t o  
the  SO-meter reso lu t ion ,  so I stayed with t h e  a i r c r a f t .  
I f e e l  t h a t  I have j u s t  scratched t h e  surface a s  f a r  a s  t he  ac tua l  remapping 
topic .  However, I hope t t a t  t h i s  w i t h  reference papers w ,1 g.'. e you a good 
idea 0:' what can be gained when photogrammetric technology is ccnsidered when 
r ec t i fy ing  and/or r eg i s t e r ing  remote sensing da ta .  
34 0 
B i b l i o g r a p h y  
E.M. M i k h a i l  and J.C. HcGlone, " C w  e r t  S t a t u s  of Metric R e d u c t i o n  of (Pas-  
s i v e )  S c a n n e r  Lata" ,  Tnvitec! Paper, Commission I11 (WG 111-1) 1 4 t h  Con- 
gress of t h e  " n t e r n a t i o n a l  S o c i e t y  for Photogrammetry,  J u l y  13-25, 1980, 
Hamburg, FDR. 
J.C. HcGlone and E.H. H i k h s i l ,  "Accuracy,  P r e c i s i o n  and  R e l i a b i l i t y  of Air- 
c raf t  HSS Block Adjustment" .  p a p e r  s u b m i t t e d  for p u b l i c a t i o n  i n  Photo- 
grammetric E n g i n e e r i n g  s n d  ht-mote S e n s i n g ,  1982. 
-- 
C.J. HcClone and  E.H. H i k h a i l ,  "Geometric C o n s t r a i n t s  i n  M u l t i s p e c t r a l  S c a n n e r  
C a t a n .  paper t o  be p r e s e n t e d  a t  t h e  1982 Annual  C o c v e n t i o n  of t h e  Ameri- 
c a n  S o c i e t y  of ' h o t o g r w a e t r y  . 
- IKTRODUCT ION * PhGtogrammetry 
* Rectification 
- PHOT OSR\;.!!,: ET R I C TR I A : 6  I! L AT IO :i 
* Purpcse 
* Procedures 
* Anslyt Scal Tri angil ; a t ion  
* Araptation t o  3 S S  
- MLTRIL R E X C T I O : ;  OF SCAtC;ER DATA 
* Mathemtical f4odels 
* Applications t o  Spacecraft Data 
App’. - 3 t i o n s  t o  Aircraft  Data 
- CONCLUSIONS 
Figbre 1. Remapping Procedures OveYview 
. 7 1 . q  .;-e-. , 
- PHOTOGR4PtETRY 
* Metric Information r .  om Photograph; and Images 
* Image is 2-Dimensional Representation o f  3-Dirietrsional Object Space 
* Recovery of 3-Cimensional Object From a Single Image is Not Possible 
Unless: 1 )  Assumptions Made About Ooject 
2) Additional Object Information Available 
Recovery of 3-Dimensicnal Object From Two or More Overlappins h g c s  
- RECTIFISAI iC! 
Tratisforinaticn of One frame Photo t ~ ,  Another 
D i  f f  erefit i a  1 Recti f i cati on 
* Singie Photo and DTM 
* Overlapping Photos + Crthophoto 
* Cons i derd ti ons - - Remote Sensing Images 
Figure 2 .  Introduction 
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F i g u r e  3. Object Space and Exter ior  Orientation 
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Figwe 4. Scale Restraint Equation 
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Figure 5. Tilted photograph and rectified e n l a r ~ ~ i n e n t .  
Figure 6. Methods 0 1  differential rectification ( a \  Terralo. 2nd 
corfespo,iding yontour  map ( b )  Fixed line elomept strip rectificatian 
(c) Rotaring line rlemen: strip rectificdtion ( d )  PlJne area element 
rectification ( e  J Curved are? elevent rectification Aftec Edmond. Bendix 
Technical Journal. Vol 1. No 2. 1968. 
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Y Figure 7. Fired !me element rectiticatron. 
, Rt&W 
Figure 8. 
ractification. 
Curtam used :o cover film exposure in line elernen: 
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- PURPOSE: To Generate Extensive Control Net From Overlapping Photographs 
and a Few Control Points 
- PROCEDURES: Analog Semi-Analytica! Analytical 
Choice Accuracy Requirements 
Photography Character is tics 
Eq u i prnent 
- ANALYTICAL TRIANSULATION 
* Most Sophisticated 
* Can Reduce Large Number o f  Photos Simultaneously 
* Need: * Image Coordinates - Their z 
* Models For Corrections For Systematic Errors 
* Approximations For Unknowns 
* Horizontal Control Along Block Perimeter 
* Vertical Control Distributed Throughout Block 
* Method: * Use Unified Least Squares Where a l l  Variables w e  
Considered Stochastic 
* Resslt: * All Sensor Parameters - Their Z 
* All Ground Coordinates - Their C 
* Cxtension: - elided Nathematiczl Models For Self-calibration 
* use of Geometric Constraints 
* Accu-acy: * Fracticn of Flying Height (H/?0,300 and Better)  
* Given G a t  Photo Scale (Down t o  3 vm) 
- ADAPTATION OF TRIANGULATICN TECHNIQUES TO f4SS 
Figure 9. Photogrammetric Triangulatfon 
348 
Figure 10. Numerical models to be numerically joined by analytic 
rerotrlangulatlor,. 
STRIP I --t, 
STRIP2 4 
STRIP 3 4 
STRIP4 4 
Figure 1 1 .  Arrdngements o f  Points  i n  Block o f  4 Strips w i t h  5 Photos Per S t r i p  
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Figure 12. Normal E q u a t i r  blatrix Arising From Application of 
Collinearity Equat ic i is  to a 4 Strip - 20 Photo Block 
+ 
+ m  
+ Z n  
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F i g l r w  13. Collinearity Equatiops 
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EASIC MAMEN4TICAi MDE' S 
PARAMETRIC M O B  
ORBIT E E L I N 5  FOX SPACECPWT IFMGES 
POLY Ncx iI AL MOFLI NG 
W Q J I C S  
AUTOREGRESS I VE FKIELS 
IbiiERPOLATIVE MOPELS 
USING GENERAL TRA;JSFOWTIO?J 
W E I G H r n  MEAN 
!XJVI NG AVERAGES 
MESWISE LINEAR 
LINEAR L E S T  SQUARES PREDICTION 
APPLICATIONS TO SPACECRAFT DATA 
APPLICATIONS TO AIRCRAFT MTA 
ARIUSTMEI\cT OF NJLTIS€!!IES LATA 
CONCLUS I ONS 
F igu re  14. Curvent S t a t u s  o f  M e t r i c  Reduction 
of (Passive) Scanner Data 
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PARAMETRIC fWDELS 
BASED ON UPiEAHIZEC FORM L7F wIl4EA3lu E9WTIOU 
MESSLVE F;W3ER OF SEtG9dPLATFOR PW,ETERS 
REPLACE SWE OR Au. OF ME S I X  ?MYETERS 
( x ~ ,  Y,, Z, i~), 4, K pcr  pixel, l i ne ,  or segniont) 
0 
BY FUKTIOrJSa 
FOR OBITA!, CSE: REPLACE Xc 9 yc , Zc BY FWXTIOI.6 OF 
THE SI% ORSITAL PARMETERS 
OR USE A LINEA? SEQUU4TIP.L ESTIMATOR (W FILTER) 
FOR AIRCU.FT CASE: REPLACE PAIWETERS BY POLYIJdYIALS 
AM) SEGWf l  R E O W  - USE CONSTRAINTS 
(C0h.D USE HA?Jx)!;ICS) 
FOR EITHER CASE: LLSE AUTOREGRESSIM M3EL (GE.UjS->\"~r,i(OV 
P r n S S )  
?igure 15. Basic Mathematical Mode:: 
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INTEWOUTIVE tXDELs 
GENERkL TRANSFOWTION 
4 - PARAWER 
6 - PMTZR 
8 - P W 4 r n R  
GENERAL POLYNOMIAL (RUBBER SHEET) 
WEiGiT DECREASES A3 D!STNKE EETHEEN 
WIN7 AJ4D REFERENCE 1NCZKES 
(NEW F,W;ETER ESTIPATION FO,? € A t 3  PCINI) 
WEIGHTED !W4 
MOVING AVELL'ES 
MESM'ISE LINEAR 
(TRIANGW OR FECTANGUR MESHES - LINEAR ESTIMATIOI~ 
LINEAR LEAST SQUARES PREDICTiON 
(ESTABLISH COVARI A ICE F ~ C T I  ON) 
Figure 15. (cont iwed;  
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NuybER OF RAYS 
NlM3ER OF 
STRIPS 1 2 3 
X Y X Y z X Y z 
- - - - - - 1 16.7 Y.4 
2 l7,3 165 11.5 E.8 54.2 
3 18.8 14.4 lO.3 12.8 41.3 8.9 115 27.3 
- - - 
Figure 19. Check Point  Root Mean Square E r r o r  
For Single and Mul t ip le  Ray Poin ts  
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7.6 COMPUTATIONAL ASPECTS OF 
REMAPPING DIGITAL IMAGERY 
A l b e r t  L. Z o b r i s t  
Jet P r o p u l s i o n  L a b o r a t o r y  
P a s a d e n a ,  CA 91103 
1. I n t r o d u c t i o n  
One of t h e  a d v a n t a g e s  of a u t o m a t e d  c a r t o g r a p h y  i s  t h a t  map d a t a  stored i n  
t h e  d i g i t a l  computer  c a n  be p l o t t e d  sr  d i s p S a y e d  a t  a n y  scale or p r o j e c t i o n  by 
r e c o m p u t i n g  t h e  c o o r d i n a t e s  of t h e  d a t a .  T h i s  i s  e s p e c i a l l y  e a s y  i n  t h e  case 
of vector ( g r a p h i c s )  d a t a  b u t  i n  t h e  c a s e  of d i g i t a l  image ( r a s t e r )  da t a ,  
remapping is  a more d i f f i c u l t  o p e r a t i o n .  Examples  of t h e  remapping  of d i g i t a l  
imagery  would i n c l L d e  r e c t i f i c a t i o n  of a L a n d s a t  MSS to a n  o r t h o g r a p h i c  or 
M e r c a t o r  p r o j e c t i o n ,  w a r p i n g  of o n e  image t o  r e g i s t e r  w i t h  a n o t h e r ,  or 
r o t a t i o n ,  scale,  or  a s p e c t  c h a n g e s  of a d i g i t a l  image. I n p u t s  c o n s i s t  of t h e  
d i g i t a l  image and geometric c o n t r o l  i n f o r m a t i o n .  Control  i n i o r m a t i o n  c a n  
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i n c l u d e  scanne r  l o c a t i o n  and  p o i n t i n g ,  ground t r u t h ,  and t h e  map t r a n s f o r -  
mat ion .  
model is computed from t h e  c o n t r o l  i n f o r m a t i o n .  
a c c o r d i n g  t o  t h e  d i s t o r t i o n  model. 
D i g i t a l  remapping c o n s i s t s  o f  two major s t e p s .  F i r s t ,  a d i s t o r t i o n  
Second, t h e  image is warped 
The f i r s t  s i c p  i n v o l v e s  t r a d i t i o n a l  ma themat i ca l  t e c h n i q u e s  of  estimating 
a s u r f a c e  from sample p o i n t s .  S e v e r a l  approaches  p e r s i s t  because  of  v a r y i n g  
needs  of  d i f f e r e n t  a p p l i c a t i o n s .  
computa t iona l  methods f o r  e f f i c i e n t  warp ing  o f  l a r g e  images  a c c o r d i n g  t o  a geo- 
metric d i s t o r t i o n  model. Use o f  g e n e r a l  purpose  computers  and a r r a y  p r o c e s s o r s  
for t h i s  t a s k  w i l l  be covered .  Data p r o c e s s i n g  e r r o r  w i l l  be d i sc i r s sed  f o r  
e a c h  model l ing /warping  approach .  
The second s t e p  i n v o l v e s  h i g h l y  s p e c i a l i z e d  
2. Dete rmina t ion  o f  g e o m e t r i c  d i s t o r t i o n  model 
Mathemat i ca l ly ,  a geometric d i s t o r t i o n  is a mapping from t h e  p l a n e  i to  
t h e  p l ane .  The napp ing  is u s u a l l y  one-to-one and c o n t i n u o u s  bu t  t h e r e  may be 
d i s c o n t i n u i t i e s .  O r t h o g o w l  components of t h e  mapping .:the x and y coord in -  
a t e s )  are independen t  and  e a c h  c a n  be viewed as a s u r f a c e  o v e r  t h e  p l ane .  For 
a p o i n t  p ,  t h e  v a l u e  of t h e  x - d i s t o r t i o n  s u r f a c e  a t  p s p e c i f i e s  how f a r  t h e  
d a t a  a t  p must move i n  t h e  x d i r e c t i o n  in t h e  remapping. Some s i m p l e  geomet r i c  
d i s t o r t i o n s  are used  t o  r o t a t e  images or change p i x e l  s i z e .  I n  t h i s  c a s e  t h e  
g e n e r a l  t r a n s f o r m a t i o n  is c a l l e d  a f f i n e  or l i n e a r  and t h e  x and y components 
are p lanes .  Map c o o r d i n a t e  c o n v e r s i o n s  (for example URI to T r a n s f e r s e  Mer- 
c a t o r )  are g i v e n  by fo rmulas  which c a n  also be viewed a s  d i s t o r t i o n  s u r f a c e s  
o v e r  a plane. 
are d e a l t  w i t h  i n  s e c t i o n i n g  images f o r  a d a t a  base. 
S i n g u l a r i t i e s  and  zone boundar i e s  are n o t  a problem h e r e  but  
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A more complex geomet r i c  d i s t o r t i o n  problem i s  t h e  " rubber  s h e e t "  case 
where a set of  c o n t r o l  p o i n t s  relating t h e  i n p u t  t o  t h e  o u t p u t  is known. A 
number of t e c h n i q u e s  are known f o r  g e n e r a t i n g  s u r f a c e s  t o  f i t  t h e  c o n t r o l  
p o i n t s  and g i v e  a d i s t o r t i m  model o v e r  t h e  en t i re  s u r f a c e .  Some are g e n e r a l  
i n  n a t u r e :  polynomial  f i t ,  c e a r e s t - n e i g h b o r  i n t e r p o l a t i o n ,  f i n i t e  e lement  
method, and t h e  method of p o t e n t i a l  f u n c t i o n s .  These a le  used  I n  cases where 
t h e r e  i s  no  need o r  d e s i r e  t o  u s e  a p r i o r i  knowledge of  t h e  n a t u r e  of  t h e  geo- 
metric d i s t o r t i o n .  I f  one knows (from p h y s i c a l  c o n s i d e r a t i o n s )  t h e  g e n e r a l  
f u n c t i o n a l  form of a d i s t o r t i o n ,  t h e n  t h e r e  are methods ( least  s q u a r e s ,  Kalman 
f i l t e r i n g ,  e tc . )  of f i t t i n g  t h e  f u n c t i o n a l  iorm t o  t h e  o b s s . r v a t i o n s .  Table  1 
compares some b a s i c  p r o p e r t i e s  of t h e s e  methods.  
The most complex d i s t o r t i o n  models  ar ise  from s e n s o r  geometry c o r r e c t i o n .  
Taking t h e  Landsat  MSS t o  be a b a s i c  example,  t h e  raw d a t a  are p e r t u r b e d  by 
e a r t h  r o t a t i o n ,  m i r r o r  s c a n  n o n l i n e a r i t y ,  s p h e r i c a l  ear t i ! ,  v a r i a t i o n s  i n  p l a t -  
form a l t i t u d e ,  r o l l ,  p i t ch , and  yaw. Most of t h e s e  components c a n  be model led 
by c o n t i n u o u s  f u n c t i o n s ,  bu t  one  compcrnent, t h e  l i n e - t o - l i n e  skew induced  by 
e a r t h  r o t a t i o n  i s  d i s c o n t i n u o u s  a t  e v e r y  s i x t h  l i n e .  Fur thermore ,  t h e  d i s t o r -  
t i o n  model i s  no l o n g e r  a s imple  f u n c t i o n  but  a composi te  of  s e v e r a l  f u n c t i o n s  
t h a t  a r e  a p p l i e d  i n  o r d e r .  The f i r s t  c o r r e c t i o n  f u n c t i o n  c a l c u l a t e s  un i form 
sampie s p a c i n g  i n  o r t h o g r a p h i c  or Merca tor  p r o j e c t i o n  a l o n g  single scan  l i n e s .  
Then a second c o r r e c t i o n  f u n c t i o n  moves e n t i r e  l i n e s  a c c o r d i n g  t o  t h e  s e n s o r  
and e a r t h  r o t a t i o n  skew f o r  e a c h  l i n e .  A t h i r d  c o r r e c t i o n  t o r  map p r o j e c t i o n  
cou ld  now be performed if d e s i r e d .  
i n  common u s e  today .  The f i r s t  is t o  u s e  nominal  v a l u e s  f o r  s p a c e c r a f t  l o c a -  
t i on ,  e tc . ,  and produce a c o r r e c t e d  p roduc t  which has  s l i g h t  d e v i a t i o n s  from a 
Two b a s i c  t e c h n i q u e s  f o r  model f i t t i w  a r e  
p e r f e c t l y  mapped p roduc t .  Note t h a t  t h e  l a r g e s t  d e v i a t i o n  i s  a s imple  l a t e r a l  
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t r a n s l a t i o n ,  which c a n  be f i x e d  l a te r  by a single p o i n t  o b s e r v a t i o n .  
second t e c h n i q u e  is t o  f i t  t h e  model a c c o r d i n g  t o  c o n t r o l  p o i n t s  de t e rmined  by 
e x t e r n a l  means. 
The 
These methods are covered  i n  o t h e r  r e p o r t s  i n  t h i s  workshop. 
3. R e p r e s e n t a t i o n  o f  geometric d i s t o r t i o n  model 
Digi ta l  computa t ion  r e q u i r e s  t h a t  t h e  geomet r i c  d i s t o r t i o n  be r e p r e s e n t e d  
i n  a n  e f f i c i e n t  manner. Three methods are cove red  he re .  The f i r s t  method is 
t o  l e a v e  t h e  model i n  i t s  f u n c t i o n a l  or n a t u r a l  form. Model f i t t i n g  p r o v i d e s  
c o e f f i c i e n t s  o r  d a t a  for  a s u b r o u t i n e  F which c a n  be invoked a t  a p o i n t  p t o  
give t h e  d i s t o r t i o n  F(p) .  The second method is  t o  c o n v e r t  t h e  model t o  a 
g r i d d e d  approximat ion .  
is set up  and t h e  s u b r o u t i n e  F is c a l c u l a t e d  a t  t h e s e  p o i n t s .  The v a l u e s  a 
and F (a  
e r a t e d  by i n t e r p o l a t i o n  i n  a n  e f f i c i e n t  manner. The t h i r d  method is a h i g h l y  
s p e c i a l i z e d  one  f o r  s c a n n e r  t y p e  d a t a  s u c h  as MSS. 
e n t s  of F are f u n c t i o n s  o f  one v a r i a b l e  ( s e p a r a b l e  components)  a "dope v e c t o r "  
c a n  be set  up t o  r e p r e s e n t  t h e  s h i f t .  As a n  example,  t h e  m i r r o r  s can  nonl i r .  
a r i t y  is a f u n c t i o n  o f  p o s i t i o n  along a s c a n  l i n e  on ly .  A dope v e c t o r  OA t h e  
same l e n g t h  a s  a s c a n  l i n e  c a n  r e p r e s e n t  t h i s  c o r r e c t i o n  o n  a p e r  p i x e l  basis. 
E a r t h  skew o f f s e t  and s e n s o r  r eadou t  d e l a y  c a n  be r e p r e s e n t e d  by a dope v e c t o r  
w i t h  a per l i n e  lookup.  Both of  t h e s e  c o r r e c t i o n s  are "a long  t r a c k " ,  t h a t  is, 
i n  t h e  d i r e c t i o n  of  s cann ing .  I t  is p o s s i b l e  t o  have dope v e c t o r s  f o r  a c r o s s  
t r a c k  c o r r e c t i 6 v . s  as  v e l l ,  i f  needed. 
A r e c t a n g u l a r  g r i d  all, a12, ..., aZ1, ..., a, 
i j  
) are s t o r e d  i n  a d a t a  s t r u c t u r e  s o  th;t t h e  v a l u e  F ( p )  c a n  be gen- 
i j  
I n  cases where some compon- 
Direct comFuta t ion  of  F f o r  e a c h  p i x e l  i s  a slow uiethod, a l t h o u g h  i t  may 
be he lped  by a r r a y  p r o c e s s o r  technfquc  s. Gridded r e p r e s e n t a t i o n  o f f e r s  g r e a t  
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speedup s imply  because  a 50 x 50 g r i d ,  for  example,  r e q u i r e s  a f a c t o r  of 3072 
times fewer  e v a l u a t i o n s  of F t h a n  a 2400 by 3200 image would by d i r e c t  
computa t ion .  Gr idd ing  i n t r o d u c e s  a d a t a  p r o c e s s i n g  error, however ( s e e  l a t e r  
s e c t i o n  on  error).  I n  g e n e r a l ,  d i s c o n t i n u o u s  f u n c t i o n s  and f u n c t i o n s  which 
are no t  approximated  wel l  by i n t e r p o l a t i o n  on  a g r i d  are poor  c a n d i d a t e s  f o r  
g r i d d i n g .  Dope v e c t o r s  c a n  o n l y  be used  on  s e p a r a b l e  f u n c t i o n s ,  of c o u r s e .  
A s p e c i a l  s t r a t e g y  f o r  MSS i n v o l v e s  a combina t ion  of  dope v e c t o r s  IC; t n e  
d i s c o n t i n u o u s  and  h i g h l y  n o n l i n e a r  e l e m e n t s  of  F and a g r i d d e d  approx ima t ion  
f o r  t h e  remainder .  E v a l u a t i o n  a t  F(p)  would i n v o l v e  s e v e r a l  t a b l e  lookup oper -  
a t i o n s  i n  t h e  dope v e c t o r s  fo l lowed  by t h e  g r i d  i n t e r p o l a t i o n .  
4. Large  image warping  computa t ion  
R e g a r d l e s s  of method, t h e  remapping of  a d i g i t a l  image c a n  be a n  enormous 
computa t ion .  
p e r  s p e c t r a l  band and y i e l d s  o v e r  t e n  megabytes  of  d a t a  f o r  57-meter s q u a r e  
p i x e l s .  
second p e r  i n s t r u c t i o n  would occupy a b o u t  1 6  m i n u t e s  o f  p r o c e s s o r  time. Yet 
t h i s  s l i m  number of  c y c l e s  must accompl i sh  t h e  f o l l o w i n g :  
For example,  a n  MSS i n p u t  c o n t a i n s  o v e r  s even  megabytes  of d a t a  
Execut ing  n i n e t y  machine i n s t r u c t i o n s  p e r  o u t p u t  p i x e l  a t  one  micro- 
For each  o u t p u t  p i x e l ,  c a l c u l a t e  t h e  l o c a t i o n  of  t h e  i n p u t  p o i n t  
t h a t  maps t o  i t  ( t h e  i n v e r s e  of  t h e  mapping).  
For each  o u t p u t  p i x e l ,  c a l c u l a t e  t h e  p i x e l  v a l u e  based on i n t e r -  
p o l a t i o n  of i n p u t  p i x e l  v a l u e s  n e i g h b o r i n g  t h e  i n p u t  p o i n t .  
B u f f e r  t h e  i n p u t  and o u t p u t  so t h a t  a r e a s o n a b l e  main memory r e g i o n  
c a n  accommodate t h e  c a l c u l a t i o n  wi thou t  e x c e s s i v e  d i s k  head mot ion  
o r  f i l e  r e r e a d i n g .  
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Computational aspects of t h e s e  steps f o r  a n  o rd ina ry  d i g i t a l  computer w i l l  be 
covered i n  order .  
The f i r s t  s t e p  r e q u i r e s  t h a t  f o r  a n  output  p i x e l  l o c a t i o n  p and a n  i n v e r s e  
mapping F t h a t  F(p) be c a l c u l a t e d .  I f  F is a composite f u n c t i o n ,  t hen  each 
component must be c a l c u l a t e d  i n  o rde r .  
eva lua ted  by t h e i r  sub rou t ine .  
f u n c t i o n  e v a l u a t i o n ,  f o r  example, by use of t a b l e  lookup €or  p a r t s  of a func- 
t i o n  (such as a cos ine ) .  
Funct ions r ep resen ted  by formula are 
There are some o p p o r t u n i t i e s  f o r  speeding up 
Another example is  incremental  e v a l u a t i o n  where 
F(x + dx)  = F(x) + G(x,dx) 
and G(x,dx) is f a s t e r  t o  compute than  F(x).  A c o n c r e t e  example of t h i s  is 
cos(x + dx)  = cos x c o s  dx - s i n  x s i n  dx 
so f o r  uniform dx a c o s i n e  can be c a l c u l a t e d  wi th  two m u l t i p l i e s  and a n  add, 
assuming t h a t  s i n  x i s  maintained i n  a similar f a sh ion .  The inc remen ta l  evalu-  
a t i o n  can e v e s  be a n  approximation i f  care i s  t aken  t o  restart w i t h  a n  e x a c t  
e v a l u a t i o n  f r e q u e n t l y  enough t o  l i m i t  t h e  e r r o r  t o  an a c c e p t a b l e  range. Func- 
t i o n s  represer,Led by a g r i d  are amenable t o  a much f a s t e r  t r ea tmen t .  
each g r i d  c e l l  a n  iacrementing scheme can be set up : o n s i s t i n g  of 
Within 
F(Xo,Y0) a n  i n i t i a l  po in t  
A x  
AY increments 
A xy 
v N c h  a l l o w  f o r  r e c a l c u l a t i o n  of F f o r  a series of incremerats i n  t h e  x d i r e c -  
t ion 
F(x + dx,y)  = F(x,y) +Ax 
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and f o r  a move t o  t h e  next l i n e  o f  o u t p u t  
F(x,Y + dy)  = F(X,Y)  + A y  
A x  = A x  + A x y  
T h i s  c o r r e s p o n d s  t o  b i l i n e a r  i n t e r p o l a t i o n  on t h e  g r i d .  I f  nm-uni form i n c r e -  
ments  are needed because  of  f u n c t i o n  compos i t ion ,  a d d i t i o n a l  m u l t i p l i c a t i o n s  b 
dx  and dy w i l l  be r e q u i r e d .  When dope v e c t o r s  are used  i t  is u s u a l l y  a c c u r a t e  
enough t o  u s e  t h e  c o r r e c t i o n  v a l u e  from t h e  n e a r e s t  p i x e l .  As a n  example,  t h e  
a l o n g - t r a c k  c o r r e c t i o n  f o r  a n  across t r a c k  dope v e c t o r  i s  
F(x ,y )  = x + D(round ( y ) )  
One s p e c i a l  problem ar ises  from d i s c o n t i n u i t i e s  i n  t h e  mapping f u n c t i o n .  
pu rposes  a f  p i x e l  v a l u e  i n t e r p o l a t i o n ,  i t  i s  n e c e s s a r y  t o  know abou t  loca l  
d i s c o n t i n u i t i e s  i n  t h e  neighborhood F (x ,y ) .  Hence f o r  c u b i c  s p l i n e  i n t e r -  
p o l a t i o n  f o r  MSS a p o i n t  ( x , y )  maps i n t o  f o u r  l o c a t i o n s  for  f o u r  l i n e s  which 
are o f f s e t  from e a c h  o t h e r .  F o r t u n a t e l y  i n  t h i s  case, t h e  samples  are un i -  
f ormly spaced ( Figure  1). 
For 
The second s t e p  o f  warping computa t ion  i s  t h e  a c t u a l  i n t e r p o l a t i o n  f o r  
t h e  o u t p u t  p i x e l  v a l u e  from t h e  n e i g h b o r i n g  i n p u t .  Methods f o r  t h i s  are d i s -  
cussed  e l sewhere  i n  t h e  workshop. 
The t h i r d  problem i n v o l v e s  t h e  a l l o c a t i o n  of  l i m i t e d  main s t o r a g e  t o  s t o r -  
age  of a p a r t  c f  t h e  ras ter  i n p u t  so t h a t  t h e  raster o u t p u t  c a n  be computed 
e f f i c i e n t l y .  Two p r e v i o u s  methods d i d  n o t  work weli f o r  l a r g e  or h i g h l y  
r o t a t e d  i n p u t  rasters ( f o r  example 3000 x 3000 r o t a t e d  1'). 
stores  a band of  r a s t e r  l i n e s  i n t e r n a l l y  a s  shown i n  F i g u r e  2. 
r o t a t i o n  a n  o u t p u t  l i n e  w i l l  o n l y  have a s h o r t  i n t e r s e c t i o n  w i t h  t h i s  band. 
T h e r e f o r e ,  i t  is o n l y  p o s s i b l e  t o  c a l c u l a t e  a n  ex t r eme ly  l a r g e  number of s h o r t  
Method 1 
Because of 
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o u t p u t  segments  which IUUS' be w r i t t e n  t o  d i s k  and l a te r  r e c o n s t r u c t e d  i n t o  t h e  
o u t p u t  raster. The later r e c o n s t r u c t i o n  i n v o l v e s  e x c e s s i v e  d i s k  head motion 
for  l a r g e  cases. 
t h e  l e n g t h  o f  c a l c u l a t e d  segments  is O ( l / n ) ,  t h e  number of ce l l s  is O(n ), 
hence t h e  number of s h o r t  segments  is O(n ) and d i s k  head mot ion  will i n -  
crease by t h i s  fac tor  under  a s imple  r e c o n s t r u c t i o n  scheme. 
t h e  r e c o n s t r u c t i o a  of  s h o r t  segments  by storing a l l  o f  t h e  i n p u t  raster i n  t h e  
neighborhood of  a n  o u t p u t  l i n e -  
band, t h e  i n p u t  f i l e  must be r e r e a d  as many times as t h e r e  are p l a t e a u s  i n  t h e  
lower p a r t  of t h e  s t o r e d  area. The t h i c k n e s s  of  t h e  s t o r e d  area is O( l /n )  and 
t h e  l e n g t h  of  t h e  l i n e  is O(n) hence t h e  number of  r e r e a d s  of  t h e  i n p u t  d a t a  
set is O(n ). Since  t h e  amount o f  data is O(n ) t h e  d i s k  head motion will 
i n c r e a s e  by O(n ). 
of op t ima l  w id th  i n  t h e  o u t p u t  by s t o r i n g  a co r re spond ing  swath  o f  i n p u t .  The 
o u t p u t  segment wid th  is independent  of  n hence d i s k  mot ion  depends  on  t h e  num- 
If t h e  ras ter  is n by n and a v a i l a b l e  s t o r a g e  is f i x e d ,  t h e n  
2 
3 
Method 2 avo,ds  
But because  t h e  s t o r e d  i n p u t  area is n o t  a 
2 2 
4 The new method developed  computes a uni form v e r t i c a l  band 
ber of times t h e  i n p u t  h a s  t o  be read  which i s  O(n) times amount o f  d a t a  y i e l d -  
i n g  O(n ). The r e c o n s t r u c t i o n  s t a g e  is O(n ). 
f o r  l a r g e  cases and methods 1 and 3 a p p e a r  t h e  same. 
t h a t  method 1 f o r c e s  a head motion fo r  s e q u e n t i a l  p a s s e s  o v e r  t b e  d a t a  which 
minimizes  head motion and r o t a t i o n  l a t e n c y .  Methods 1 and 3 are implemented 
i n  t h e  VICAR r o u t l n e s  LGEOM and MGEOM r e s p e c t i v e l y ,  and method 2 was r e p o r t e d  
by H. K. Ramapriyan (1977). 
3 2 Thus mechod 2 is u n s u i t a b l e  
A c l o s e r  a n a l y s i s  r e v e a l s  
Unusual approaches  t o  t h i s  problem have been Froposect. One is t o  resample 
h o r i z o n t a l l y ,  rotate t h e  image 90' a n d  t h e n  resemple v e r t i c a l l y  (which is 
h o r i z o n t a l  a f t e r  r o t a t i o n ) .  Good methods €or 9G' r o t a t i o n  are a v a i l a b l e  
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(Twogood and Ekstrom, 1976) 
r e p o r t e d  by E’riedmann (1981). 
Resampling t e c h n i q u e s  and e x p e r i m e n t a t i o n  are 
5. Data p r o c e s s i n g  e r r o r  
Image r e g i s t r a t i o n  and r e c t i f i c a t i o n  e r r o r  a n a l y s i s  i s  t h e  s u b j e c t  of 
a n o t h e r  r e p o r t  i n  t h i s  workAop.  T h e r e f o r e ,  model e r r o r s  K i l l  n o t  be con- 
s i d e r e d  here .  
fo l lowi i ig  ways: 
Data p r o c e s s i n g  e r r o r  i n c l u d e s  J n l y  t h e  error i n t r o d u c e d  i n  t h e  
(1) e r r o r s  i n  c a l c u l a t i o n  of  t h e  i n v e r s e  mapping F(x ,y)  
( 2 )  e r r o r s  i n t r o d u c e d  by i n t e r p o l a t i o n  o n  a grid or  dope v e c t o r  
r e p r e s e n t a t i o n  o f  F (x ,y )  
(3)  e r r o r s  i n  t h e  l o c a t i o n  of  neighb0rir .g  p i x e l s  of F ( x  -1) f o r  i n p u t  
t o  t h e  i n t e r p o l a t i o n  scheme. 
Ther,. may a l so  be e r r o r  i n  t h e  i n t e r p o l a t i o n  scheme, bu t  t h i s  is n o t  a l o c a t i o n  
e r r o r .  w i t h  r ega rd  t o  t h e  t h r e e  e r r o r s ,  n o t e  t h a t  a 1/10 p i x e l  e r r o r  on  a 3009 
x 3000 image r e q d r e s  a n  a c c u r a c y  uf 0r.e p a r t  i R  30,000. Gr idd inc  methods are 
t h e  most d i f f i c u l t  t o  ho ld  w i t h i n  such  a n  error budget .  
e r r o r  i s  th:  d e v i a t i o n  of t h e  b i l i n e a r  s u r f a c e  fron! t h e  model s u r f a c e .  A 
second compon > n t  i s  accumula t ive  error i n  t h e  inc remen t ing  scheme d e s c r i b e d  i n  
t h e  last s e c t i o n s .  Both o f  t h e s e  e r r o r s  are c o n t r o l l e d  by keeping  t h e  g r i d  
s i z e  small. The ?ccumula:ive e r r o r  necessitates t h e  u s e  of  computer  a r i t h -  l i c  
w i t h  g r e a t e r  p r e c i s i o n  t h a n  3 2 o r  3 6 b i t  f l o a t i n g  p o i n t .  
One component o f  g r i d  
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7.7 A Q U A N T I T A T I V E  ASSESSf lENT OF RESAMPLING E R R O R S  
R o b e r t  H. Dye 
A p p l i c a t i o n s  D i v i s i o n  
The E n v i r o n m e n t a l  Research  I n s t i t u t e  o f  M i c h i g a n  
Ann A r b o r ,  M i c h i g a n ,  48107 
INTRODUCTION 
A p p l i c a t i o n s  a s s o c i a t e d  w i t h  d i g i t a l  g e o g r a p h i c  i m a g e r y  a r e  
s u b j e c t  t o  g r e a t  d i v e r s i t y  i n  r e q u i r e d  c e l l  s i z e ,  c a r t o -  
g r a p h i c  p r o j e c t i o n ,  e t c .  The need f o r  r e s a m p l i n g  r e m o t e  
s e n s i n g  s c a n n e r  d a t a  i s  e v i d e n t  i n  a l l  b u t  t h e  most  unde-  
manding cases .  P a s t  e f f o r t s  [1J have  shown t h a t  p r o p e r  r e -  
s a m p l i n g  o f  such  d a t a  i s  dependant  i n  i m p o r t a n t  ways on t h e  
d e t a i l e d  know lege  o f  t h e  o r i g i n a l  s c a n n e r ' s  e f f e c t i v e  
p o i n t - s p r e a d  f u n c t i o n  and t o  t h e  d e s i r e d  p o i n t - s p r e a d  f u n c -  
t i o n  o f  t h e  r e s a m p l e d  d a t a .  When b o t h  o f  t h e s e  a r e  known, 
i t  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  compute t h e  r e s a m p l i n g  
c o e f f i e n t s  w h i c h  do t h e  b e s t  job o f  a p p r o x i m a t i n g  t h e  shape 
and p o s i t i o n  o f  t h e  synt.hesi:ed p o i n t - s p r e a d  f u r i c t i o n .  
I t  i s  u s e f u l ,  however ,  t o  r e c o g n i z e  t h a t  r e g a r d l e s s  o f  t h e  
r a t i o n a l e  used  t o  g e n e r a t e  i n t e r p o l a t i o n  c o e f f i c i e n t s  and 
a p p l y  them as a l i n e a r  f i l t e r  on a s u b s e t  o f  t h e  l o c a l  d a t a  
t h e  r e s u l t  can  be  v iewed  as a s y n t h e s i s  o f  a new p o i n t  
s p r e a d  f u n c t i o n  w h i c h  i s  i t s e l f  a l i n e a r  c o m b i n a t i o n  o f  
s h i f t e d  p o s i t i o n s  o f  t h e  o r i g i n a l  p s f .  
The r e s u l t i n g  s y n t h e s i 7 e d  p s f  can  be compared w i t h  an i d e a l  
p s f  l o c a t e d  a t  v a r i o u s  i n t e r p i x e l  p o s i t i o n s  and any d i f f e r -  
ences  o b s e r v e d  as  e r r o r s .  
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I t  i s  assumed t h a t  i m a g i n g  s c a n n e r s  o t  i r l t e r e s t  a r e  ade-  
q u a t e l y  mode led  as a l i n e a r  o p g r a t o r  on t h e  u p w e l l i n g  r a d i -  
ance and t h a t  a d d i t i v e  n c i s e  is i n t r o d u c e d .  (The LANDSAT 
M S S  does d e l i b e r a t e l y  i n t r o d u c e  a n o n - l i n ? a r  c o m p r e s s i o n  
p r i o r  s a m p l i n g  b u t  t h i s  e f f e c t  i s  a p p r o x i m a t e l y  removed i n  
subsequent  g r o u n d  p r e c e s s i n g . )  Thus, t h e  s c a n n e r  t o  be  mo- 
d e l e d  i s  g i v e n  by 
y=  Ax + n (1) 
where x i s  a v e c t o r  r e p r e s e n t i n g  t h e  two-d ;nens iona !  u p w e l -  
l i n g  r a d i a n c e ,  A i s  a m a t r i x  d e s c r i b i n g  t h e  t r a - d i m e n s i o n a l  
shape and l o c a t i c n  o f  t h e  ps f  a s s o c i a t e d  w i t h  each p i x e l  
sampled. The n o i s e  v e c t o r  n i s  t h e n  added t o  p r o d u c e  t h e  
d a t a  v e c t o r  y w h i c h  c a n  r e p r e s e n t  e i t h e r  a l l  o f  t h e  p i x e l s  
i n  an image o r  o n l y  t h o s e  i n  a l o c a l i t y  o f  i n t e r e s t .  
I t  s h o u l d  b e  n o t e d  t h a t  t h e  d i m e n s i o n a l i t y  o f  x i s  v e r y  much 
g r e a t e r  t h a n  t h a t  o f  y i n  o r d e r  t o  p e r m i t  t h e  A m a t r i x  t o  
r e p r e s e n t  t h e  s u b p i x e l  d e t z i l  o f  t h e  p o i n t  s p r e a d  f u n c t i o n s  
and t h e  e f f e c t  o f  t h e  d i m e n s i o n a : i t y  r e d u c i n g  s a m p l i n g  p r o -  
cess .  
When an i n t e r p o l a t i o n  a l g o r i t h m  i s  used i n  t h e  r e s a m p l i n g  
p r o c e s s  i t  i s  n o r m a l l y  i n t e n d e d  t o  e s t i m a t e  t h e  d a t a  v a l u e  
t h a t  m i g h t  have been o b t a i c e d  f r o m  a p s f  p o s i t i o n e d  a t  an 
i n t e r m e d i s t e  l o c a t i s n  be tween t h e  e x i s t i n g  samples .  
The d e s i r e d  r e s u l t  o f  t h e  r e s a m p l i n g  p r o c e s s  t h u s  c a n  be 
g i v e n  by 
Z= B x  ( 2 )  
where B i s  a new s p a t i a l  r e s p o n s i v i t y  m a t r i x  w i t h  t h e  p o i n t  
s p r e a d  f u n c t i o n s  p o s i t i o n e d  c o r r e c t l y  on t h e  d e s i r e d  o u t p u t  
g r i d  and t h e  v e c t o r  z r e p r e s e n t s  t h e  resarnp led  d a t a .  No te  
t h a t  ;he w i d t h  and scape o f  t h e  p s f ' s  i n  B need n o t  be t h e  
same a s  t h a t  o f  t h e  o r i g i n a l  scanner  when i t  i s  d e s i r e a b l e  
t o  a l t e r  t h e  s p a t i a l  r e s o l u t i o n  o f  t h e  d a t a  as w e l l  as t h e  
1 o c a t i o n .  
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R e s t r i c t i n g  t h e  i n t e r p o l a t i o n  p r o c e s s  t o  a l i n e a r  f i l t e r  o p -  
e r a t i n g  on t h e  a v a i l a b l e  d a t a  l e a d s  t o  an a p p r o x i m a t i o n  o f  
t h e  d e s i r e d  s c a n n e r  i n  (2) g i v e n  b y  
z =  cy 
i n  w h i c h  t h e  i n t e r p o l a t i o n  c o e f f i c i e n t s  C and t h e  o r i g i n a l  
ps f  m a t r i x  combine  t o  p r o d u c e  a new p s f  m a t r i x  C A  h a v i n g  
s p a t i a l  r e s o l u t i o n  p r o p e r t i e s  w h i c h  can  be e i t h e r  b e t t e r  o r  
Worse t h a n  t h e  o r i g i n a l  d e p e n d i n g  cn t h e  method csed  t o  de-  
t e r m i n e  t h e  c o e f f i c i e n t s .  
Any d i f f e r e n c e s  be tween t h e  d e s i r e d  scanner  ( 2 )  and t h e  
a c h i e v e d  s c a n n e r  ( 3 )  c a n  be r e g a r d e d  as  an e r r o r  g i v e n  b y  
h 
e = z - i  ( 4 )  
The mean squared  e r r o r  i s  easy  t o  compute and r e l a t i v e l y  
easy  t o  d e f e n d  as a p e r f o r m a n c e  c r i t e r i o n  p a r t i c u l a r l y  f o r  
p r o c e s s e s  such as c l a s s i f i c a t i o n  w h i c h  m a y  be s e n s i t i v e  t o  
r a d i o m e t r i c  e r r o r s .  The mean squared  e r r o r  
E =  < e ' e >  ( 5 )  
can  be e v a l u a t e d  b y  s u b s t i t u t i n g  (2),(3), and ( 4 )  i n t o  ( 5 ) .  
The r e s u l t ,  a f t e r  t h e  e l i m i n a t i o n  o f  t e r m s  w i t h  e x p e c t e d  
v a l u e  o f  z e r o  i s  
E =  T race  [ C A < x x ' > A ' C ' - 2 C A < x x ' > B ' t t 3 < x x ' > B ' t C < n n ' > ]  ( 6 )  
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T h i s  e x p r e s s i o n ,  when e v a l u a t e d  f o r  v a r i o u s  r u l e s  and i n t e r -  
p i x e l  p o s i t i o n s  y i e l d s  t h e  d a t a  shown i n  T a b l e  1. The r u l e s  
used were n e a r e s t - n e i g h b o r ,  b i l i n e a r ,  c u b i c  c o n v o l u t i o n ,  and 
l e a s t  square.  The LANDSAT a l o n g - s c a n  p s f  was used  f o r  m a -  
t r i x  A and a r e c t a n g u l a r  p s f  w i t h  a w i d t h  o f  50 m e t e r s  was 
chosen f o r  t h e  d e s i r e d  ps f  m a t r i x  8.  A s i g n a l - t o - n o i s e  
r a t i o  o f  t e n  was s e l e c t e d  w h i c h  e s t a b l i s h e d  a r a t i o  o f  100 
between t h e  s i g n a l  c o v a r i a n c e  m a t r i x  < x x ' >  and t h e  n o i s e  c o -  
v a r i a n c e  m a t r i x  < n n ' > .  F i n a l l y ,  t o  r e s t r i c t  t h e  e r r o r  de-  
t e r m i n a t i o n  t o  t h e  case  o f  v e r y  f i n e  l o c a l  d e t a i l  t h e  sub-  
p i x e l  c o r r e l a t i o n s  were  s e t  t o  z e r o  by use  o f  s c a l a r  ma-  
t r i c e s  f o r  < x x ' >  and <nn '> .  
The numbers t a b u l a t e d  a r e  r e l a t i v e  e r r o r s ,  g i v i n g  a maximum 
o f  100 f o r  t h e  w o r s t  p o s s i b l e  c a s e  o f  no c o r r e s p o n a n c e  a t  
a l l  be tween p s f  m a t r i c e s  ( C A )  and B. The r e l a t i v e  e r r o r  i s  
d e f i n e d  as 
r o e . =  100 SQRT(E/ZB '<x 'x>B!  (7) 
The a l g o r i t h m s  f o r  g e n e r a t i n g  c o e f f i c i e n t s  f o r  t h e  f i r s t  
t h r e e  i n t e r p o l a t i o n  r u l e s  a r e  w e l l  known and w i l l  n o t  be r e -  
p e a t e d  h e r e .  The l e a s t  s q u a r e  c o e f f i c i e n t s  a r e  o b t a i n e d  
f r o m  
C =  B<xx > A '  [ A < x x '  > A ' + < n n  ' >I-' 
I n  t h e  t a b l o ,  p o s i t i o n s  1 and 1 7  c o r r e s p o n d  t o  t h e  cases  o f  
t h e  d e s i r e d  p s f  f a l l i n 9  e x a c t l y  on one o f  t h e  o r i g i n a l  d a t a  
samles.  A ! l  o t h e r s  a r e  l o c a t e d  a t  i n t e r p i x e l  l o c a t i o n s  
d i f f e r i n g  b y  m u l t i p l e s  o f  1 / 1 6  o f  a p i x e l .  
A l l  f o u r  methods show t h e  w o r s t  e r r o r  n e a r  t h e  c e n t e r  o f  t h e  
i n t e r p i x e l  i n t e r v a l  where a n a r r o w  p s f  i s  t h e  most  d i f f i c u l t  
t o  s y n t h e s i z e -  t h a t  i t  i s  n o t  t h e  e x a c t  c e n t e r  i s  due t o  t h e  
asymmetry  i n t r o d u c e d  b y  t h e  l o w p a s s  p r e s a m p l i n g  f i l t e r  used  
i n  t h e  L A N D S A T  MSS. 
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I t  i s  recoqni ,ed t h a t  a l l  o f  t h e  e r r o r s  m i g h t  be r e g a r d e d  as  
u n d e s i r a b l y  l a r g e .  Had t h e  s a m p l i n g  r a t e  been even s l i g h t l y  
b e t t e r  t h a n  t h e  5 6  m e t e r s  used t h e  e r r o r s  f o r  LS w o u l d  have  
been s u b s t a n t i a l l y  r e d u c e d  w h i l e  t h e  e r r o r s  f o r  t h e  o t h e r  
methods wou ld ,  o f  c o u r s e ,  r e m a i n  unchanged. 
To e x p l o r e  i n  t h e  o t h e r  d i r e c t i o n ,  t h e  case  o f  w i d e r  s y n t h e -  
s i  zed p s f  s may be c o n s i d e r e d  . Such r e s o l  u t i  o n - r e d u c i  ng r e -  
s a m p l i n g  wou ld  be  t h e  p r e f e r r e d  method f o r  t h e  g e n e r a t i o n  o f  
l a r g e  a rea ,  s m a l l  s c a l e  images. As t h e  d e s i r e d  p s f  i s  i n -  
c r e a s e d  i n  w i d t h  t h e  e r r o r s  f o r  a l l  f o u r  methods  w o u l d  d e -  
c r e a s e  u n t i l  an a p p r o x i m a t e  ma tch  w i t h  t h e  o r i g i n a l  p s f  i s  
reached .  A f t e r  t h i s  t h e  LS e r r o r  wou ld  c o n t i v u e  t o  d e c r e a s e  
w h i l e  t h e  o t h e r  t h r e e  e r r o r s  w o u l d  i n c r e a s e  a g d i n  because o f  
t h e i r  f a i l u r e  t o  s y n t h e s i z e  a p s f  s u i t e d  t o  t h e  r e s a m p l i n g  
i n t e r v a l  
A S  s h o u l d  be e x p e c t e d  NN, BL, and C C  a l l  have t h e  same e r r o r  
a t  p o s i t i o n s  1 and 1 7  s i n c e  a l l  t h r e e  m e r e l y  r e p r o d u c e  t h e  
o r i g i n a l  d a t a  when no i n t e r p o l a t i o n  i s  r e q u i r e d .  By c o n -  
t r a s t ,  t h e  LS s o l u t i o n  has s y n t h e s i z e d  a p s f  more c l o s e l y  
a p p r o x i m a t i n g  t h e  d e s i r e d  p s f  and hence e x h i b i t s  a s m a l l e r  
e r r o r .  The l a r g e s t  e r r c r  o c c u r s  f o r  NN a t  p o s i t i o n  8, w h e r e  
t h e  ps f  i s  n o t  o n l y  t h e  wrong shape and w i d t h  b u t  a l s o  i n  
t h e  wrong p l a c e  b y  a h a l f  p i x e l .  Perhaps  i t  c o u l d  be ob-  
s e r v e d  t h a t  t h e  BL and C C  a l g o r i t h m s  do r a t h e r  w e l l  f o r  p r o -  
c e j u r e s  w h i c h  p r o v i d e  no o p p o r t u n i t y  i n t r o d u c e  i n f o r m a t i o n  
abou t  t h e  o r i g i n a l  arid d e s i r e d  p s f ' s  and t h e  s i g n a l  and 
n o i s e  s t a t i s t i c s .  
A n o t h e r  measure o f  image q u a l i t y  i s  t h e  m o d u l a t i o n  t r a n s f e r  
f u n c t i o n .  A l t h o u g h  t h e  MTF i s  m e r e l y  t h e  m a g n i t u d e  o f  t h e  
F o u r i e r  T r a n s f o r m  o f  t h e  p s f  and hence c a r r i e s  l e s s  i n f o r m a -  
t i o n  t h a n  t h e  p s f  i t s e l f ,  i t  f r e q u e n t l y  i n v o k e d  when image 
q u a l i t y  i s  c o n s i d e r e d .  The n o r m a l i z e d  w i d t h  a t  t h e  h a l t  am-  
p l i t u d e  o f  t h e  MTF a t  p o s i t i o n s  1 and 8 f o r  each r e s a m p l i n g  
Acheme i s  snown i n  T a b l e  2. I t  can be seen t h a t  L S  shows a 
b r o a d e r  M T F  t h a n  t h e  o t h e r  methods  f o r  b o t h  p o s i t i o n s  arld 
t h a t  b o t h  EL and CC have degraded  MTF's a t  t h e  m i d p i x e l  l o -  
c a t i o n .  
[ l ]  R .  Dye, " R e s t o r a t i o n  o f  LANDSAT Images b y  D i s c r e t e  
Two-Dimens iona l  L l e c o n v o l u t i o n " ,  P r o c e e d i n g s  o f  t h e  T e n t h  
I n t e r n a t i o n a l  Symposium on Remote S e n s i n g  o f  t h e  E n v i r o n -  
ment.  E R I M ,  Ann Arbor ,MI ,  O c t o b e r  1975.  
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TABLE 1. R E L A T I V E  ERRORS F O R  V A R I O U S  I N T E R P I X E L  
P O S I T I O N S  
P O S I T I O N  
1 
2 
3 
4 
5 
6 
7 
8 
9 
1c) 
1 1  
12 
13 
14 
15 
16 
1 7  
NN 
40.1 
41.4 
43.1 
45.3 
47.7 
50.4 
53.2 
56.0 
49.8 
47.1 
44.6 
42.5 
40.9 
39.8 
39.3 
39.4 
40.1 
B L  c c  LS 
40.1 40.1 34.6 
41.8 40.7 35.9 
43.4 41.5 37.4 
44.9 42.4 38.7 
46.1 43.2 39.8 
47.c 43.8 40.4 
47.5 44.1 40.6 
47.7 44.2 40.2 
47.5 33.9 39.4 
47.0 43.4 38.2 
46.1 42.7 36.8 
45.1 41.9 35.3 
43.9 41.1 34.1 
42.6 40.5 33.2 
41.5 40.0 33.0 
40.6 39.9 33.3 
40.1 40.1 34.3 
TABLE 2. R E L A T I V E  W I D T H S  OF M O D U L A T I O N  TRANSFER 
F U N C T I O N S  
P O S I T I O N  NN BL c c  L S  
1 100.0 100.0 100.0 142.6 
76.6 95.0 127.8 9 100.0 
376 
7.8 
Eric 
This 
GEOMETRIC ERROR CHARACTERIZATION AND ERROR BilDGETSI 
Beyer , Genera l  Electric 
d i s c u s s i o n  describes t h e  p r o c e d u r e s  used i n  c h a r a c t e r i z i n g  geometric 
@‘it 
- -  
error s o u r c e s  fo r  a spaceborne  imaging sys t em,  and u s e s  t h e  Landsat-D Thematic  
Mapper ground segment p r o c e s s i n g  a s  t h e  p r o t o t y p e .  It shou ld  be no ted  t h a t  
software has bee? tested v i a  s i m u l a t i o n  and is c u r r e n t l y  g o i n g  th rough  tests 
w i t h  t h e  o p e r a t i o n a l  hardware  a s  p a r t  of t h e  o p e r a t i o n a l  system e v a l t i a t i o n  
p r e l a u n c h ,  so t h a t  we ccln t h o r o u g h l y  c h a r a c t e r i z e  t h i s  system w i t h  r e s p e c t  t o  
its geomet r i c  per formance  b e f o r e  we l aunch  i t .  I n  a d d i t i o n ,  thcre is a sub- 
s t a n t i a l  e f f o r t ,  b o t h  on t h e  p a r t  of Genera l  Electric and NASA-Goddard i n  
p o s t l a u n c h  e v a l u a t i o n  of t h i s  d a t a .  With respect t o  g e o m e t r i c  per formance  and 
r a d i o m e t r i c  per formance  t h e  r e q u i r e m e n t s  for t h i s  systeffi a r e  b e i n g  t s k n  v e r y  
s e r i o u s l y .  
There a r e  two r e q u i r e m e n t s  fo r  Landsat-D Thematic  Mapper a s  dell  a pro- 
c e s s i n g ,  which r e l a t e  t o  t h e  g e o d e t i c  accu racy .  F i g u r e  1 d i s p l a y s  : ‘cess 
whereby we can  match back t o  a s t a n d a r d  map a s  weil as  p r o v i d e  t e a p a r  .; i s- 
t r a t i o n ,  and band-to-band. There a r e  some s i g n i f i c a n t  c a v e a t s  i n  these a r e a s  
which a r e  i m p o r t a n t  t o  t h e  u s e r s .  For one, Landsa t  is n o t  a mapping system, 
we d o n ’ t  view it t h a t  way. We a r e  p r o v i d i n g  a sys tem t h a t  w i l l  meet c e r t a i n  
geodetic r e c t i f i c a t i o n  r e q u i r e m e n t s  i f  we are  provided  maps t h a t  have  no 
errors i n  them. That  o b v i o u s l y  is pot t h e  c a s e .  Therefore, much of t h e  a t -  
t e n t i o n  it. Landsat-D has been  d i r e c t e d  towards t empora l  r e g i s t r a t i o n .  That  is 
we want t o  be  s u r e  t h a t  we are s e l f - c o n s i s t e n t ,  t h a t  o u r  images w i l l  o v e r l a y  
w i t h  n i g h  accu racy .  
The r e q u i r e m e n t s  f o r  g e o d e t i c  r e g i s t r a t i o n  is .5 p i x e l ,  a g a i n  w i t h  i t s  major  
c a v e a t ,  and there i s  a n o t h e r  c a v e a t  which h a s  t o  do  w i t h  a d e q u a t e  numbers of 
ground c o n t r o l  p o i n t s .  One other t h a t  s a y s  t h i s  i s  t o  be done w i t h o u t  cons id -  
e r a t i o n  of t o p o g r a p h i c a l  v a r i a t i o n s .  Thus,  t h i s  is  t h e  per formance  expected 
i f  you have  a f l a t  ea r th  f o r  t empora l  r e g i s t r a t i m  and t h e  gromd t r a c k  aqd 
a t t i t u d e  c o n t r o l  of t h e  s p a c e c r a f t  were exact ly  r e p e a t a b l e  pas t  t o  p a s t .  
There has  been v e r y  l i t t l e  conce rn  a b o u t  band-to-band a c c u r a c y  w i t h  t h e  m d l t i -  
s p e c t r a l  s c a n n e r ,  m o s t l y  because  due  t o  i ts d e s i g n  i t  h a s  e x c e e d i n g l y  good 
band-to-band accuracy .  Once you g e t  t h e  focal p l a n e  base p l a t e  p r o p e r l y  de- 
s i g n e d  a l o n g  w i t n  t h e  s c a n n i n g  mechanism, t h e r e  is v e r y  l i t t l e  o p p o r t u n i t y  for  
band-to-band m i s r e g i s t r a t i o n  w i t h  t h e  MSS. The Thematic  Mapper h a s  a much 
l a r g e r  sp read  t o  i t s  d e t e c t o r s  and much l a r g e r  time between v a r i o u s  bands  
b e i n g  imaged , so there is much more o p p o r t u n i t y  for  band-to-band r e g i s t r a t i o n  
errors. A s  Jack Engel h a s  p o i n t e d  o u t ,  t h e  c u r r e n t  i n s t r u m e n t  h a s  v e r y  good 
band-to-band accuracy .  There are f e a t u r e s  i n  t h e  ground p r o c e s s i n g  t h a t  w i l l  
s i g a i f i - m t l y  improve t h a t .  For t h e  Thematic  Mapper a f t e r  p r c c e s s i n g ,  it 
shou ld  be p o s s i b l e  t o  achieve someth ing  well down belo*. a 1 0 t h  of a p i x e l  
band-to-band accuracy .  
The s i n g l e  s c e n e  a c c u r a c y  r e q u i r e m e n t  c a n  be c h a r a c t e r i z e d  a s :  
c__ 
+Edi ted  oral  p r e s e n t a t i o n .  
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0.3 PIXEL TEMPORAL (90%) x 
= 3.9 METER ( 1  1 
We a r e  e s s e n t i a l l y  dealing then w i t h  t h e  Gaussian-type e r r o r  performance, YO I 
can convert  one-to-one sigma by t h e  Gaussian transformation 90s t o  one sigma 
f o r  temporal r e g i s t r a t i o n .  Given we do our processing down t o  t h e  point where 
t h e  e r r o r s  a r e  uncorrelated from scene LO scene, we a r e  roughly ta lkinL about 
a fac tor  ar square root  of  t w o  f o r  a s i n g l e  scene. ThaL t r a n s l a t e s  t o  5.5 
microradian, a l i t t l e  more than an a r c  second, four meters t o t a l  e r r o r  budgst. 
A l l  e r r o r s  have t o  be s i g n i f i c a n t l y  c. * ? i l e r  khan t h a t .  A t  30 meters with aub- 
pixel  accuracy spec i f ied  t h i s  Kay we rloJe an extremsly challenging job. 
Figure 2 descr ibes  the  Landsat-D processing sys tem.  The c h a r a c t e r i s t i c s  o f  
the  Thematic Mapper and t h e  Spacecraft  and t h e  Tracking Data Relay S a t e l l i t e  
Systems on t h a t  spacecraf t  provide e s s e n t i a l l y  a l l  c o n s t r a l r t s  o f  spacecraf t  
design. Y '1 don ' t  have much f l e x i b i l i t y  i n  spacecraf t  design. We f i r s t  
looked a t  the Thematic Mapper a s  a big HSS and we a r e  going t o  process i t  a s  
an MSS. We s t a r t e d  down t h a t  path about th-ee years ago doing e r r o r  =inalysis 
and everv time we would examine i n  d e i a i l  some of  the  e r r o r s  we were horr i -  
f i ed .  It f i n a l l y  got  t o  t h e  point  were we were about 3 p ixe l s  temporal regis- 
t r a t i o n  and growing. A t  t h a t  point  i n  time, we went, t o  t h e  Landsst-D pro jec t  
and said something ha3 t o  be done, eLther the specs have t o  be changed or we 
have t o  redesign the processing sys t em,  from a system point of view.  That was 
t h e  f i r s t  t e s t  o f  t h a t  0.3 p ixe l ,  arid it would have been much eas i e r  a t  t h a t  
point i n  time t o  say 0.3 pixel  was ttot r e e l l y  required.  That requirement has ,  
however been maintained. \ h a t  I am going t o  descr ibe  now is an overview of 
the  changed design,  which e s s f n t i a l l y  we've been going through the  l a s t  t w o  
years. 
Ia our a t t e m p t  t o  meet the r e g i s t r a t i o n  goa ls ,  we had t o  g e t  involved i n  the 
w o r k i n g s  of t h e  Thematic Mapper. We had t o  get. i n  there  and real1.y understand 
how t h a t  worked and apply our processing d i r e c t l y  t o  the inner workings of  
t h a t  instrument. We could not hold the  p l a t f o w  steady t o  an a rc  second or a 
f r ac t ion  of  an a rc  second t o  achieve a 1-arc-second t o t a l  e r ro r  budget .  'Ihe 
so lu t ion  there  was t o  measure. We ins t a l l ed  a s m q l l  anguiar displacement 3- 
axis  package on the Themtic  Papper; i t  cannot be mounted any place e l s e  on 
the spacecraf t  because o f  s t r u c t u r a l  dynamic e f f e c t s .  I t ' s  one d r a w  back is 
t h a t  i t  is  e s s e n t i a l l y  a high-pass device,  and t h e  e l ec t ron ic s  we b u i l d  f o r  i t  
has a band of 2 Hz t o  125 Hz: i t  does not  capture  the low-frequency end. R a t  
skortcaning was a l l ev ia t ed  by  incorporating some of the hardware t h a t  was a l -  
ready on t h e  spacecraf t ,  namely t h e  a t t i t u d e  control  d r i v e r s  kc'ch have a 
bandwidth of somewhere j u s t  above 0 Hz t o  2 Hz nominally. An onboard computer 
performs funct ions of sampling t h e  gyros a s  p a r t  of i t s  a t t i t u d e  cont ro l  func- 
t i on ;  i t  est imates  the gyro d r i f t ,  g i v e s  u s  i n i t i a l  a t t i t u d e  es t imates ,  and i t  
i s  the wurce  of aE ephemeris i f  t k -  GPS syetec, is giving t h e  ep:iemeris t o  the 
O W ,  which ther~  sends  i t  down t o  u . ~ ,  and sometimes an u p l i n k  of ephemeris a l so  
comes t o  u s  for ground processing through the onboard computer. A formatter 
was added, which i s  e s s e n t i a l l y  a piece of  hardware t h a t  takes  sample3 of  the 
angular displacement sensor and sends  i t  down an a telemetry l i n k  ca l led  pay- 
load cor rec t ion  da ta .  That da t a  set  is a l l  the information ex terna l  t o  the 
Themat ic  Happer needed t o  perform memiltic Napper Processing, both r a d i o m e t r i c  
and georse t r ic  . 
mere are c e r t a i n  p i e c e s  o f  a d d i t i o n a l  d 3 t a  t h a t  a r e  v e r y  i m p o r t a n t .  We know 
t h a t  t h e  s c a n  mirror i s  n o t  p e r f e c t l y  repeatable i n  t h e  n e m a t i c  Mapper. ma t  
wad d e t e r m i n e d  a f t e r  e x t e n s i v e  t e s t i n g  by Hughes of t h e  Tkemat-ic Mapper s c a n  
mirror meirianism. I n  o r d e r  t o  c h a r a c t e r i z e  t h e  s c a n  airror it  was d e t e r m i n e d  
t h a t  more t h a n  f u s t  t h e  s t a r t i n g  and end l o c a t i o n s  were needed.  Ye needed an 
e v a l u a t i o n  poin t .  i r .  t h e  m i d d l e  o f  t h e  s c a n .  So t h e  d a t a  t h a t  is s e n t  down is 
t h e  s c a n  s t a r t  time. which a l l o w s  u s  t o  c o o r d i n a t e  t h e  s c a n  mirror p o s i t i o n s  
w i t h  a l l  ?.he o t h e r  .neasureme!it s y s t e m  on t h e  spacecraft, The s c a n  d i r e c t i o n  
f i r s t - h d  E seccnd-Pal f  s c a n n e r  e s s e n t i a l i y  te l ls  u s  how t h e  s c a n  p r o f i l e s  are 
b e h a v i n g  i n  time. In  t h e  ground p r o c e s s i n g ,  w e  extract t h e  s c a n  i n f o r m a t i o n  
o u t  of t h e  wide3and d a t a .  3ayload  c o r r e c t i o n  p r o c e s s i n g  is t h e  process t h a t  
t a k e s  t h e  scar! 3irror i n f o m a t i o n ,  a s  well as a l l  t h e  o t h e r  at t i tude snd 
e p h e m e r i s  related i n f o r m 3 t i o n .  and g e n e r a t e s  s y s t e m a t i c  c o r r e c t i c n  d a t a  which 
w i l l  e s z e n t i a l l y  r m c v e  a l l  t h e  high-fYequency i n t e r n a l  d i s t o r t i o n s  when a p  
p l i e d  t o  t h e  i n k g e r y .  A t  t h a t  p o i n t  o f  time w e  h a v e  n o t  c a p t u r e d  some s i g n i -  
f i c a n t  low-rkequency errors r e l a t i n g  t o  e p h e m e r i s  a l j g m e n t ,  time, errors, and 
low-frequency a t t i t u d e  errorq. Tnose are c a p t u r e d  by ground c o n t r o l  p o i n t s  
( F i g u r e  3 )  w e d  t o  a d j u s t  t h e  d z t a  and t o  d e r i v e  what  we c s l l  g e o d e t i c  correc- 
t i o n  da ta ,  which is a~ i d e n t i c a l  form. b u t  i a p - o v e d  v a l u e s  (see F i g u r e  4). 
I n  t h e  meant ime,  o f f - l i n e ,  t h e r e  is  a v e r y  h i g h  speed r e f o r m a t i n g  and radime- 
t r i c  correctis3 a p p l i e d  to  t h e  imagery  i n  para l le l  t o  getterate what w e  c a l l  
a r c h i v e  im2gery.  Archive  imagery  is a v a i l a b l e  as a p r o d u c t  f o r  t h e  RI: i t  
inc?c.des r e f o r m a t t e d  imagery w i t h  t h e  d a t a  appended to  it. The n e x t  s t e p  i n  
p r o c e s s i i i g  is t o  a c t u a l l y  p e r f o r m  t h e  r e s a m p l i n g  based o n  t h i s  p r o d u c t  for t h e  
TH; i t  i n c l u d e s  r e f o r m a t t e d  imagery  w i t n  t h e  da ta  appended t o  it. The n e x t  
s t e p  i n  p r o c e s s i n g  is  t o  a c t u a l l y  p e r f o r m  t h e  r e s a m p l i n g  based on t h i s  d a t a .  
We d:, t h e  mapping fran t:.? i n p u t  space to  t h e  map c o o r d i n a t e  c u t b o a r d  space. 
F i g u r e s  5 and 6 describe t h e  error b u d g e t .  I n  r e v i e w ,  s y s t m a t i c  c o r r e c t i o n  
d a t a  is d a t a  which does t h e  mapping fran i n p u t  s p a c e  t o  o u t p u t  s p a c e ,  b u t  con- 
trol p o i n t s  h a v e  n o t  b e e n  i n c l u d e d .  C o n t r o l  p o i n t s  remove some v e r y  l a rge  
errors, b u t  t h e y  a r e  low f r e q u e n c y .  Ephemer is  uses t h e  wcrst case, a 2-day 
prc,c!ict t o  which we had t o  design.  K i s  time is t h e  r e s u l t  of t h e  + 2 0  m i l l i -  
second c l o c k  or absolute  time. A t t i t u d e  control a s  .a10 e f f e c t i v e m e t e r s ,  1 
s i g m a ,  is  a n  a l i g n e n t  which is a rzther lerge nirnber.  T h i s  i s  e s s e n t i a l l y  a 
Cixed b i a s ,  and I kncv h e r e  t h a t  w i t h  minimal  atnour,ts o f  p r o c e s s i n g ,  t h a t  num- 
b e r  c a n  be reduced  v e r y  s u b s t a n t i a l l y  i n  ground p r o c e s s i n g  and i n d e e d  t h a t  
w i l l  3e done .  W l t  i m m e d i a t e l y  a f t e r  l a u n c h ,  we c o u l d  h w e  alignment errors 
tha t .  l a r g e .  So we a r e  t a l k i n g  a b o u t  r a t h e r  large u n c e r t a i n t y  h e r e ,  so t h e r e  
1s no hope of knocking  a l l  of t h e s e  dGUL t o  a n y t h i n g  less t h a n  t h a t  w i t h o u t  
u s i n g  gt*oun? c o n t r o l  p o i n t s .  Pie ground c o n t r o l  p o i n t  p r o c e s s i n g  is substan- 
t i a l l y  d i f f e r e n t  t h a n  p r e v i o u s  p r o c e s s i n g  fo r  ground c o n t r o l  p o i n t s  i n  i ts  
e s t i m a t i o n  t e c h n i q u e  i n  t h a t  i t  i s  a cmimon f i l t e r  smother- type p r o c e s s i n g .  
We h a v e  d e v e l o p e d  b o t h  n o i s e  m o d e l s  and d y n a n i c  models fol. 211 t h e s e  errors 
end t h e y  a r e  i n c l u d e d  i n  t h e  p r o c e s s i n g .  The a d v a n t a g e  c*f d o i n 8  t h a t  is t h a t  
w’ car. d e v e l o p  tiie p r o c e s s i n g  t e c h n i q u e  t h a t  is s i g n i f i c a n t l y  less s e n s i t i v e  
tl= c c n t r o l  F o i n t  d i s t r i S u t i o n .  One of t h e  major p r o b l e m s  t h a t  p l a g u e s  many o f  
t h e  c u r r e n t  p rocess ing  systems is t h a ’  f you h a v e  t o  h a v e  a n  e x t r e m e l y  good 
d i : . t r i b u t i o n  c.f c o n t r o l  p o i n t s ,  you  better n o t  h a v e  a n y  c o n t r o l  p o i n t s  t h a t  
379 
are i n  s e r i o u s  error because  i t  w i l l  s u b s t a n t i a l l y  a f f e c t  polynomial  fits. 
Y i t h  t h i s  t echn ique  we have a v e r y  g r a c e f u l  d e g r a d a t i o n  i n  performance a s  we 
change t h e  l o c a t i o n s  i n t o  non-optimal p o s i t i o n s  and we can  p ropaga te  th rough  
extended periods khat d o n ' t  have c o n t r o l  p o i n t s .  So i f  there is a g r o u p  of 
s c e n e s  t h a t  have a nuaber  of c o n t r o l  p i n t s  a t  t h e  top .  t h e n  t e n  s c e n e s  l a t e r  
a n w 3 e r  of c o n t r o l  p o i n t s ,  we are n o t  n e c e s s a r i l y  going t o  meet our a c c u r a c y  
r e q u i r e m e n t s  i n  between,  but  we can come v e r y  close to  it. a s  we c a n  v e r i f y  
performance b y  p ropaga t ing  these errors, v i a  t h e  dynamic models of t h e  f i l t e r  
smoother  e s t i s a t i o n  t echn ique .  
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7.9 GEWETRIC VERIFICATION 
Gerald 3 .  Grebowsky 
Goddard Space F1 i g h t  Center 
Before proceeding w i t h  a d i scuss ion  o f  geometric v e r i f i c a t i o n  methods, a 
b r i e f  rev iew o f  present Landsat data formats w i l l  c l a r i f y  how b o t h  geodet ic 
l o c a t i o n  and r e g i s t r a t i o n  c a p a b i l i t i e s  were def ined. Since February 1979, 
Landsat m u l t i s p e c t r a l  scanner (MSS) data has been processed through the 
master da ta  processor (MDP). The d e f i n i t i o n  o f  the f u l l y  processed output  
image arrays (P-tape products) was intended t o  f a c i l i t a t e  bo th  geodet ic 
l o c a t i o n  and temporal r e g i s t r a t i o n  o f  image p i x e l s .  The wor ld  re ference 
system (WRS) nominal i t x g e  centers  de f i ned  i n  degrees and in tege r  minutes o f  
l a t i t u d e  and long i tude  were se lected as the re fe rence  p o i n t s  i n  output  
images. Framing o f  MSS images was de f i ned  t o  l o c a t e  the WRS nominal image 
cen te r  on the center  l i n e  ( l i n e  1492) o f  the output  ar ray.  The phasing o f  
the geometric resampl ing pro:ess was de f i ned  t o  l o c a t e  the WRS center  
e x a c t l y  on a p i x e l  ( n o t  necessa r i l y  the center  p i x e l )  of the center  l i n e .  
F i n a l l y ,  a t  the WRS p i x e l  the o r i e n t a t i o n  o f  the center  l i n e  r e l a t i v e  t o  
rec tangu la r  map coord inates was s p e c i f i e d  f o r  each WRS. 
By the above d e f i n i t i o n s ,  t he  geodet ic l o c a t i o n  o f  p i x e l s  i n  a P-tape image 
l i e  on a 5 7  x 57 meter g r i d  r o t a t e d  b.y a s p e c i f i c  angle (about the WRS p i x e l  
i d e n t i f i e d  i n  P-tape header) r e l a t i v e  t o  the rec tangu la r  coord inates of the 
map p r o j e c t i o n  used. Two images f o r  a g iven WRS can be r e g i s t e r e d  by s imply  
s h i f t i n g  one o f  the arrays i n  the along scan l i n e  d i r e c t i o n  t o  account f o r  
the d i f f e r e n c e  i n  p i x e l  l o c a t i o n s  o f  t he  WRS cen te r .  
As an dside, f u l l y  processed ou tpu t  arrays fo r  r e t u r n  beam v i d i c u n  ( R B V )  
da ta  were def ined as 19 x 19 meter g r i d s  ove r lay ing  the MSS g r i d s  ( 3  x 3 
a r ray  o f  RBV p i x e l s  f o r  each MSS p i x e l ) .  A p 'xe l  and l i n e  number r o f e r e r x i n g  
each HBV subframe r e l a t i v e  t o  a WRS p i x e l  are g i ven  i n  the header o f  an RBV 
P-tape. This  d e f i n i t i o n  o f  RBV ar rays WGS intended t o  prov ide d reg -  
i s t r a t i o n  c a p a b i l i t y  between REV and MSS. 
The accuracy o f  a P-tape image i s  a f u n c t i o n  o f  the geometric modeling which 
determines where image da ta  are located i n  the P-tape array.  Since the re  i s  
on l y  one geometric model used i n  the MDP, geometric l o c a t i o n  accuracy 
depends an the absolute accuracy o f  the model and r e g i s t r a t i o n  accuracy is  
determined by the s t a b i l i t y  o f  the model. Due p r i m a r i l y  t o  inaccuracies i n  
da ta  prov ided by the Landsat a t t i t u d e  measurement system ( A M s ) ,  des i red 
accurzcies are a t t a i n a b l e  o n l y  by us ing  ground c o n t r o l  p o i n t s  (CCP)  and d 
c o r r e l a t i o n  procebs. 
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Contro l  p o i n t s  c o n s i s t  o f  32 x 32 arrays of MSS da ta  w i t h  l o c a t i o n s  de f i ned  
by l a t i t u d e  and longi tude.  When maps are ava i l ab le ,  the l o c a t i o n s  are 
de r i ved  from the naps and b o t h  l o c a t i o n  and r e g i s t r a t i o n  accuracy w i l l  oe 
improved. Without maps, l o c a t i o n s  are der ived frm a reference P-tape image 
us ing the s r ray  l o c a t i o n  d e f i n i t i o n  p rev ious l y  discussed. I n  these cases 
o n l y  the s t a b i i i t y  o f  t he  geometry and, therefore,  t he  r e g i s t r a t i o n  
accuracy i s  improved. 
The performance s p e c i f i c a t i o n s  f o r  MSS P-tape data were .5 p i x e i  (per a x i s )  
geodet ic l o c a t i o n  and . 3  p i x e l  (per  ax i s )  r e g i s t r a t i o n .  I n  the development 
of the MDP, t h i s  s p e c i f i c a t i o n  was taken w i t h  re fe rence  t o  i n p u t  p i x e l  
instantaneous f i e l d  o f  view (IFOV) o f  approximately 80 meters. I n  terms o f  
t he  57 meter p i x e l  spacing o f  output  P-tape arrays,  these s p e c i f i c a t i o n s  
conver t  t o  . 7  p i x e l  (per  a x i s )  geodet ic l o c a t i o n  and .4  p i x e l  (per  a x i s )  
r e g i s t r a t . i o n .  This  performance r e q u i r e s  successfu l  c o r r e l a t i o n  o f  20-25 
w e l l  d i s t r i b u t e d  c o n t r o l  p o i n t s  i n  an MSS image. The geodet ic l o c a t i o c  
s p e c i f i c a t i o n  a l s o  r e q u i r e s  the c o n t r o l  point; t o  have l o c a t i o n  e r r o r s  l ess  
than 35 meters (rm;) r e l a t i v e  t o  re fence maps. 
The v e r i f i c a t i o n  o f  system performancz w i t h  rega rd  t o  geodet ic l o c a t i o n  
r e q u i r e s  the c a p a b i l i t y  t o  determine p i x e l  p o s i t i o n s  o f  map p o i n t s  i n  a P -  
tape array.  V e r i f i c a t i o n  o f  r e g i s t r a t i o n  performance r e q u i r e s  the capa- 
b i l i t y  t o  determine p i x e l  p o s i t i o n s  o f  c m o n  p o i n t s  ( n o t  n e c e s s a r i l y  map 
p c i n t s )  i n  2 o r  more P-tape arrays f o r  a g i ven  WRS scene. I t  should be noted 
t h a t  r e g i s t r a t i o n  measurezents w i l l  i d e n t i f y  changes i n  l o c a t i o n ,  w h i l e  the  
d i f f e r e n c e  between l o c a t  i on  measurements y i e l d s  the  r e g i s t r a t i o n  e r r o r .  
Thus an accurate gecidetic l o c a t i o n  v e r i f i c a t i o n  prov ides r e g i s t r a t i o n  da ta  
and r e g i s t r a t i o n  v e r i f i c a t i o n  can prov ide l x a t i o n  data i f  one o f  t he  P-  
tapes has been v e r i f i e d  g e o d e t i c a l l y .  Th i s  r e l a t i o n s h i p  o f f e r s  the 
Gppor tun i ty  f o r  a l t e r n a t e  ( o r  m u t u a l l y  checking) implementations f o r  
v e r i f i c a t i o n  o f  geometry. 
Since the b u i l d i n g  o f  a GCP l i b r a r y  f o r  the MDP consis teu o f  accu ra te l y  
i d e n t i f y i n g  the l o c a t i o n s  o f  32 x 32 MSS ar rays r e l a t i v e  t o  maps, the 
1 i b r a r y  b i i i l d  f u n c t i o n  demonstrated a method f o r  l o c a t i o n  v e r i f i c a t i o n .  
The l o c a t i o n  f u n t i o n  was accomplished by a manual ove r lay  o f  d map feature 
and a cathode r a y  tube (CRT)  d i s p l a y  of MSS data.  The ove r lay  was 
accomplished us ing  a Bausch and Lomb zoom-transfer scope which prov ides an 
o p t i c a l  superpos i t i on  o f  2 i npu ts  through a b inocu la r  viewe;. The inpu ts  
were a CRT d i s p l a y  o f  MSS da ta  (sca led according t o  a v a i l a b l e  map sca le )  and 
the ac tua l  map w i t h  a f e a t u r e  i d e n t i f i e d .  The manual ove r lay  o f  the 
superimposed b inocu la r  view consis ted o f  s imply moving the mdp t o  g i v e  the 
bes t  f i t  t o  the d i sp layed  MSS data. The s p e c i f i c  p o i n t  on the map f o r  which 
l a t i t u d e  and long i tude  had been def ined was then i d e n t i f i e d  by moving a 
cu rso r  on the CRT d i sp lay .  The cursor p o s i t i o n  i d e n t i f i e d  the center  o f  the 
32 x 32 GCP a r ray  t o  be s tored i n  the  MDP l i b r a r y  and the f r a c t i o n d l  p i x e l  
l o c a t i o n  o f  the de f i ned  l a t i t u d e  and long i tude  w i t h i n  the 32 x 32 arrdy.  
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Using t h i s  technique f r geodet ic l o c a t i o n  v e r i f i c a t i o n  i s  s t r a i g h t f o r w a r d .  
For a se lected map feature,  t he  expected p i x e l  and l i n e  number l oca t i o r .  i n  
a P-tape image can be c a l c u l a t e d  from the l a t i t u d e  and long i tude  us iny  the 
3ppropriat.e map t ransformat ion and y o t a t i o n  o f  coord inates p r e v i o u s l y  
descr ibed. This  c a l c u l a t e d  l o c a t i o n  i d e n t i f i e s  the area o f  MSS data t o  be 
d isp layed on the CRT. The cursor  p o s i t i o n  a f t e r  manual superpos i t i on  
i d e n t i f i e s  the measured p i x e l  and l i n e  number l o c a t i o n  o f  the zap feature.  
The l o c a t i o n  e r r o r  i s  s imply  the d i f f e r e n c e  between the expected and 
measured l o c a t  ions. 
An improved versior,  o f  t h i s  technique can 50 developed by conver t i ng  the 
se l cc ted  area o f  a map t o  a d i g i t a l  v ideo s i g n a l  and combining the map and 
MSS d i sp lays  d i r e c t l y  onto the CRT d i s p l a y .  A sho r t  stl;dy by  I B M  
d e n w s t r a t e d  t h a t  t h i s  cuperimposed d i s p l a y  f a c i l i t a t e s  the manual ove r lay  
func t i on .  
Techniques f o r  r e g i s t r a t i o n  v e r i f i c a t i o n  can be more v a r i e d  and automated 
c ince  map d3 ta  are n o t  requ i red .  Although c o r r e l a t i o n  o f  commsn fea tu res  
would be poss ib le ,  edge d e t e c t i o n  and c o r r e l a t i o n  o f  a r b i t r x y  dreas i s  
probably p re fe rab le .  Goddard's Large Area Crop Inventory  Experiment 
(LACIE) processor used edge detect ior :  and matching t o  e x t r a c t  sample 
segments (117 l i n e s ,  150 p i x - i s )  r e g i s t e r e d  t o  a re ference segment. Th is  
system m e t  i t s  s p e c i f i e d  r e g i s t r a t i o n  goal o f  1 p i x e l  ( rms).  However, a i l  
LACIE e x t r a c t i o n s  were v e r i f i e d  by manually comparing f i l m  images o f  the 
e x t r a c t e d  segments w i t h  the reference segmerlt and a small  percentage Mere 
r e j e c t e d  due t o  r e g i s t r a t  i on  e r r o r s .  Th is  experience demonstrated the need 
f o r  a manual backup t e s t .  Rather than us ing f i l m  images, a CRT d i s p l a y  w i t h  
the c a p a b i l i t y  t o  f l i c k e r  between 2 t e s t  areas i s  recommended f o r  
v e r i f i c a t i o n  t e s t i n g .  This  manual mode would n o t  have a s t r i c t  acclrracq 
requirement s ince i t  wculd on l y  be used t o  assure t h a t  a co r re ;a t i on  should 
e x i s t .  
One a d d i t i o n a l  lesson can be lparned from the LACIE System. Dur ing the 
development e f f o r t ,  experiments showed t h a t  edge d a t z  o f  a s i n g l e  MSS band 
werc no t  necessa r i l y  i n v a r i a n t  w i t h  seasonal changes. I n  f a c t ,  zdges 
appearing i n  one ban?. f o r  one season occ6s iona l l y  appeared i n  another band 
f o r  another season. This e f f e c t  lead t o  the use o f  composite edge irndyes 
us ing MSS bands 5 and 7. S i m i l a r  cons ide ra t i ons  may be +-squired i n  a 
r e g i s t r a t i o n  v e r i f i c a t i o n  system. 
A1  though automated v e r i f i c a t i o n  r? thods  are h i g n l y  des i rab le ,  manual 
processes are p resen t l y  necessary whcn dea l i ng  w i t h  msps and ddviyable f o r  
v e r i f y i n g  r e g i s t r a t ' o n  c o r r e l a t i o n s .  Manual processes o f f e r  an a d d i t i o n a l  
v e r i f i c a t i o n  c a p a b i l i t y  i n  terms o f  exposing h igher  frequency d i s t o r t i o n s  
i n  image data.  Automdted c o r r e l d t i d n  func t i ons  grorluce iiiean r e s u l t s  f o r  the 
areas c o r r e l a t e d  and may be i n s e n s i t i v e  t o  r e g i s t r a t i o n  e r r o r s  i n  srnai lcr  
areas. 
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Tne implementation o f  a v e r i f i c a t i o n  system will depend on the number o f  
measurements required per image and the number o f  images t a  be v e r i f i e d .  I n  
turn,  these requirements depend on user expectations imp1 ied by performance 
speci f icat ions.  The f i n a l  question i s :  which of the fo l lowing v e r i f i c a t i o n  
leve ls  are requi red by data users? 
a) 100 percent o f  p i x e l s  i n  an image w i t h i n  s p e c i f i c a t i w  
b j  Less than 100 percert. bu t  some minimum percent o f  p i x e i s  i n  an 
image w i t h i n  j p e c i f i c a t i o n s  
c )  A p r o b a b i l i t y  tha t  an image ree ts  spec i f i ca t i on  
ORlQlNAL PAGE IS 
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8.0 SYSTEnS PRESENTATIONS AND D I S C U S S I O N  P A P E R S  
8-1  S(IHNABY 
I n  response t o  the  workshop c a l l  f o r  addi t iona l  papers t h a t  represent  recent  
thinking on tne problem o f  r e g i s t r a t i o n  and r e c t i f i c a t i o n ,  ten papers were 
received, Three were concerned w i t h  t h e  impact o f  mis rcg is t ra t ion  upon t h e  
ove ra l l  informatian content (i.e., u t i l i t y )  of da ta  being used fo r  models 
based on multitemporal ana lys i s ,  p a r t i c u l a r l y  fo r  croptyping. Five papers 
were concerced with t h e  problem of aczura te ly  determining spacecraf t  a t t i  h i d e  
i n  near-earth o r b i t s  and t h e  resultant impact on prec ise  r e g i s t r a t i o a  t d d  rec- 
t i f i c a t i o n  of t e r r e s t r i a l  iinagery. l’wo papers proposed spaceborne imagery 
sys tems t h a t  would serve m u l t i p l e  r o l e s  by iccorporat ing mul t ip le  resol l i t ions 
azd v i e w  angles,  each imaging component being optimized for a d i f f e r e n t  func- 
t ion .  This c o c t r a s t s  w i t h  t h e  cu r ren t  apprcach toward a s ing le  gene-a1 pur- 
pose sensor. Four papers proposed ways t o  improve a t t i t u d e  con t ro l ,  e i t h e r  
through improved engineering of  fu tu re  spacecraf t  and ephemeris instrumenta- 
t i o n ,  or through enhanced techniques f G r  gromd segffient processing of con t ro l  
points. 
8.2 H I S R E G I S T R A T I O N  'S E F F E C T S  ON CLASSIFICATIOL.  '"D PROPORTION ESTIMATION 
,L ACCURACY* ' C  ~ 2 -  .' ,- 
R Y  Juday and F.- Hall, Johnson Space Center 
The es t imates  o f  crop t y p e  and acreage (proport ion est imat ion)  a re  undertaken 
i n  t he  A g R I S T A R S  progrm by r eg i s t e r ing  m u l t i p l e  da t e  acqu i s i t i ons  o f  small 
subareas of Landsat scenes (termed segments) , and applying mu1 t i s p e c t r a l  ansl- 
y s i s  t o  them. An important contr ibut ion t o  e r r o r s  i n  c l a s s i f i c a t i o n  and acre- 
age es t imates  is misreg is t ra t ion  
n 
L -   c.  
1 
betueen mui t i p l e  acquis i t ions .  The re la t ion-  
STIXATE FOR i T E  STUTUbl 
FROPORTIOPi ESTINATC I N  iTH SEGbE??T 
The pa r t i cu la r  series of  operat ions applied a r e  shown diagrammatically i n  
F i g u r e  1 .  The spec t r a l  da ta  brought i n  w i t h  anc i l l a ry  da t a  a re  t ransfor-?? 
i n t o  t h e  Kauth-Thomas space,  where f ea tu res  a r e  ex t rac ted .  The Kauth-Thoras 
greeness is 2. function of  time f o r  m u l t i p l e  acquis i t ions .  It is approximated 
i n  funct ional  form w i t h  var ious parameters and t h e  vector of these parameters 
and i t s  d i s t r i b u t i o n  w i t h i n  t h e  segment you a r e  working with i s  decomposed so 
t h a t  its ove , - a l l  d i s t r i b u t i o n  function i s  approximated a p o s t e r i o r i .  The a 
p r i o r i  p robab i l i t i e s  given c l a s s  and spec t r a l  vector t h a t d e s c r i b e  a c l a s s  ar; 
t h e  parameters t h a t  g ive  you t h e  es t imate  of  the  area and crop t y p e .  The an- 
c i l l a r y  da ta  is  the  place where you bring i n  the  f a c t  t h a t  you  a r e  work ing  i n  
a spec i f i c  a rea ,  t h e r e b y  l imi t ing  t h e  va r i e ty  o f  possible  crop choices.  
Figure 2 i l l u s t r a t e s  t h e  taking of a Landsat f ea tu re  vector and der iving the 
br ightness  and the greeness.  A procedure de r ives  c e r t a i n  pa-meters  t h a t  de- 
s c r i b e  the time a t  which a crop begins t o  green u p ,  and the steepness w i t h  
r-cspect t o  which the curve moves o f f  the s o i l  l i n e  i s  a function of time: time 
being a c h x a c t e r i s t i c  d i f fe rence  betueen some of  the  crops t h a t  we're t r y i n g  
t o  d i f fe ren t ia t .e .  lhis k i n d  of procedure i s  s e n s i t i v e  t o  absolute  radiometry 
t o  perhaps a l a rge r  ex ten t  than some researcners  maybe a re  in te res ted  i n  w i t h  
regard t o  maintaining radiometric f i d e l i t y  i n  the  resampling precess.  Figure 
3 i l l u s t r a t e s  t h e  procedure whereby a scene i s  broken i n t o  var ious s t r a t a .  
There a r e  d i s t r i b u t i o n  filnctions w i t h i n  each s t r a t a  for  the spec t ra l  measure- 
m e n t  vec tors  v i a  a procedure ca l led  CLASSY. CLASSY breaks the curve down t o  
- 
*Edited o ra l  presentat ion.  
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s e v e r a l  d i s t r i b u t i o n s  which are assumed unimodal and normal.  This is t h e  
p l a c e  a t  which t h e  p r o p c r t i o n  estimates f a l l  o u t .  I n  t h e  p r o c e s s  of d o i n g  
t h i s ,  t h e  m i x t u r e  p i x e l s  a l o n g  t h e  b o u n d a r i e s  of t h e  segments  c r e a t e  confu-  
s i o n .  R e g i s t r a t i o n  error l o o k s  someth ing  l i k e  a m i x t u r e  p i x e l .  If there is 
m i s r e g i s t r a t i o n ,  and a g i v e n  a d d r e s s  for a p i x e l  jumps across t h e  boundary ,  i t  
acts  a s  a n o i s e ,  and i n  t h e  m u l t i t e m p o r a l  sense w i l l  t e n d  t o  c o n f u s e  crop d i s -  
c r i f f i ina t ion .  
F i g u r e  4 p r e s e n t s  t h e  e x p r e s s i o n  of p u r e  and mixed p i x e l  c o n t r i b u t i o n s  t c  
c l a s s i f i c a t i o n  error. Knowing f u l l  well t h a t  we have  m i x t u r e  p i x e l s ,  and i f  
you can  p a r a m e t e r i z e  t h e  problem i n  terms of your  estimate of a c r o p  t h a t  h a s  
found i ts  t r u e r  p i x e l s ,  t h e  e q u a t i o n  c a n  be al)$.ied t o  d e r i v e  a f i n a l  propor-  
t i o n  estimate. The v a r i a n c e  i n  t h e  e s t i m a t e  cf t h e  crop p r o p o r t i o n  i n  mixed 
p i x e l s  i s  t y p i c a i l y  larger t h a n  t h e  v a r i a n c e  c f  Lhe e s t i m a t e  o f  t h e  c r o p  t h a t  
is i n  p u r e  p i x e l s .  You would l i k e  t o  have  q ,  which is t h e  p r o p o r t i o n  of t h e  
s c e n e  which is i n  pu re  p i x e l s ,  t o  b e  a l a r g e r  number so as  t o  r e d x e  t h e  over -  
a l l  v a r i a n c e .  That, of c o u r s e ,  is done  i n  one  way by  go ing  t o  s m a i l e r  p i x e l s  
and i n  a n o t h e r  by hav ing  better r e g i s t r a t i o n  a c c u r a c y  so t h a t  you d o n ' t  have  
t h e  multitemporal jumping of p i x e l s .  Now t h e  q u a n t i t y  q w i l l  approach  a num- 
ber t h a t  i s  l i m i t e d  by t h e  s p a t i a l  r e s o l u t i o n  of t h e  sys tem a s  t h e  r e g i s t r a -  
t i o n  error d e c l i n e s .  There  is a p o i n t  a t  which you c a n n o t  d r i v e  q t o  be a 
l a r g e r  number w i t h  i n c r t a s i n g  r e g i s t r a t i o n  a c c u r a c y  and t h a t  d e c l i n i n g  g a i n  
d e t e r m i n e s  t h e  p o i n t  a t  which for  any  p a r t i c u l a r  ana lys i :  t e c h n i q u e ,  i t  is  n o t  
p r a c t i c a l  t o  expend more e f for t  i n  t r y i n g  t o  g e t  better. 
For any g i v e n  s e n s o r  IFOV geometry,  you c a n  d e r i v e  t y .  a 1  popula t . ions  of 
f i e l d s  and you c a n  p l o t  h i s t o g r a m s  of t h e  number o f  f i e l c  a g a i n s t  f i e l d  s i z e  
and you c a n  draw different  h i s t o g r a m s  f o r  t h e  d i f f e ren t  L ' n d s  of crops t h a t ,  
a c c o r d i n g  t o  your  ground t r u t h ,  go i n t o  making up t h a  p o p u l a t i o n  examined. 
Dave P i t t s  and Gothem Badhwar have  p u b l i s h e d  some r e s u l t s  for r e p r e s e n t a t i v e  
samples i n  t h e  growing r e g i o n s  of t h e  U.S. t h a t  a r e  of s i g n i f i c a n c e  t o  u s  
( F i g u r e  5). As a f u n c t i o n  of t h e  r e s o l u t i o n  e l e m e n t ,  t h e  IFOV o f  t h e  s e n s o r ,  
a c c o r d i n g  t o  those k i n d s  of h i s t o g r a m s  i n  F i g u r e  5 ,  can  draw t h e  p r o p o r t i o n  of 
p u r e  p i x e l s  i n  a g i v e n  c r o p  ( F i g u r e  6 ) .  This i s  t h e  q u a n t i t y  which you would 
l i k e  t c  d r i v e  up. The TM w i l l  have  a r e s o l u t i o n  t h a t  is  c o n s i d e r a b l y  smaller, 
s o  t h e  p r o p o r t i o n  o f  p i x e l s  t h a t  a r e  p u r e  i n  any  g i v e n  area w i l l  be  l a r g e r .  
You can  di'aw an ana logy  between t h e  m i s r e g i s t r a t i o n  error a s  a c t i n g  much t h e  
same a s  an increased r e s o l u t i o n  IFOV and e x p e c t  t h a t  thir?o,s  w i l l  go i n  t h e  
same d i r e c t i o n  a l t h o u g h  we have  some d o u b t s  t h a t  you can  draw an exact equ i -  
v a l e n c e  there because  t h e r e  is some d i f f e r e n c e  i n  behav io r .  
This is a workshop and n o t  a symposium so  I am not p r e s e n t i n g  a f i n a l  r e s u l t .  
A t  t h i s  p o i n t  we do have a program underway t o  come up w i t h  q u a n t i t a t i v e  num- 
b e r s  for t h e  r e s u l t s  f o r  t h e  e f f e c t  o f  t h e  m i s r e g i s t r a t i o n  e r r o r .  Also, we 
are  t e n d i n g  t o  wcrk mos t ly  on t h e  mul t i t empora l  a s p e c t s  of  m i s r e g i s t r a t i o n  a t  
t h i s  p o i n t .  Band-to-band m i s r e g i s t r a t i o n  h a s  s i m i l a r  e f f e c t ,  b u t ,  i n  our par-  
t i c u l a r  a p p l i c a t i o n ,  i t ' s  a less dynamic k i n d  of an a f f e c t .  We b u i l t  a r e g i s -  
t r a t i c n  system a t '  JSC t o  a p o i n t  when i t  was c l e a r  t h a t  t h e  one  p i x e l  r e g i s -  
t r a t i o n  accu racy  t h a t  t h e  LACIE p r o c e s s o r  was g i v i n g  u s  was o n l y  m a r g i n a l l y  
a d e q u a t e  f o r  t h e  LACIE t echno logy ,  and wi th  AgRISTARS we needed someth ing  
bet ter .  The MDP, be ing  a f u l l - f r a m e  sys t em,  does n o t  c o n c e n t r a t e  a s  h e a v i l y  
i t s  computa t ion  power on an i n d i v i d u a l  p i x e l .  We s e t  01: selves a g o a l  o f  2 / 7 0  
p i x e l s  a s  t h e  r e g i s t r a t i o n  accu racy  t h a t  we would l i k e  t o  g e t  t o .  T h i s  was 
based on  t h e  a r b i t r a r y  c r i t e r i a  t h a t  what you would l i k e  is 501 o f  t h e  m u l t i -  
temporal 
i t ' s  r e a l  
you t h i n k  
energy t o  
l y  amazing 
you would 
come from a common area  on the  ground. mer, you do t h a t ,  
how s t r i c t l y  t h a t  t i es  down t h e  r e g i s t r a t i o n  accuracy that. 
l i k e  t o  ge t  to .  When you begin t a lk ing  about r e g i s t r a t i o n  
a t  t h a t  accuracy you uncover a l l  s o r t s  of  th ings  t h a t  you d i d n ' t  have t o  t h i n k  
about previously.  As Figure 7 i l l u s t r a t e s ,  t h e  d i f f i c u l t  protlem t o  determine 
is  t h e  r e g i s t r a t i o n  accuracy t h a t  you want a n a l y t i c a l l y  when you overlay one 
aper ture  over another. For p ixe l  A and p i x e l  8. t h e  port ion of  t he  c l e a r  
aperture i s  a function of t h e  pos i t ion  of  t h e  p i x e l  B. given pixel  A i s  f a i r l y  
easy t o  ca l cu la t e .  But  when you begin t o  add o ther  p i x e l s  t h a t  complicate? 
your c l e a r  aper ture  upon adding a t h i r d  aper ture .  given a posi t ion of t h e  
f i rs t  t w o  is some value on t h e  ramp. It is highly nonlinear and t h i s  ge t s  
worse when you go t o  t w o  dimensions, and when you g e t  nonsquare IFOVs. a n d  
when you have a va r i a t ion  of  response w i t h i n  3 IFOB. Our plan is t o  pursue a 
Nonte Carlo approach i n  assuming a mis reg i s t r a t ion  e r r o r  and model its d i s t r i -  
bution through the  process. 
I n  conclusion. it should be noted t h a t  we do not have a quan t i f i ca t ion  o f  mis- 
r e g i s t r a t i o n ' s  e f f e c t  on our ana lys i s  a t  l e v e l s  better than we cu r rec t ly  
achieve. Synthet ic  da ta  is one approach; ex t rap3la t ions  obtair.ed by deregis- 
t r a t i o n  is  another.  Regis t ra t ion accuracy requirements a r e  d i f f i c u l t  t o  spe- 
c i f y  a p r i o r i .  "Nore i s  be t t e r " ;  everyone's an expert .  ExtraDolation t o  t h e  
performance expected from b e t t e r  r e g i s t r a t i o n  is r i s k y ,  and h i g h l y  dependent 
on ana lys i s  techniques. The proper arena f o r  t e s t i n g  is one 's  own applica- 
t i o n s  ana lys i s .  
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8.3 DATA VS. INFORMATION: A SYSTEM PARADIGM 
Fred C. B i l l i n g s l e y  
Jet  P ropu l s ion  Laboratory,  C a l i f o r n i a  I n s t i t u t e  af Technology 
Pasadena, C a l i f o r n i a  911OY 
This i s  a paper  about thinking.  
It  may no t  seem t o  be ,  but  i: is. 
As such, i t  won't g i v e  any answers. 
But i t  should g i v e  you some i deas .  
In t h e  j u s t i f i c a t i o n  s t a g e  of any new system, t h e  proponent i s  u s u a l l y  asked 
L O  p r o v i d e  some s o r t  o f  B e n e f i t / C o s t  a n a l y s i s .  B e c a u s e ,  f o r  a d a t a  s y s t e m ,  
t h e r e  i s  no  v a l u e  i n  t h e  d a t a  p e r  se ,  j u s t i f i c a t i o n  m u s t  b e  found i n  t h e  
b e n e f i t s  i n  t h e  t 'se 9f t h e  d a t a .  I f ,  a s  i s  u s u a l l y  t h e  c a s e ,  t h e  i n s t r u m e n t  
o r  s y s t e m  d e s i g n e r  i s  n o t  a "use r " ,  h i s  r e c o u r s e  i s  t o  s u r v e y  t h e  u s e r  
community t o  o b t a i n  some scjrt o f  c o n s e n s u s  on t h e  u t i l i t y .  The g e n e r a l l y  
u n s a t i s f a c t o r y  n a t u r e  of t h e  r e s u l s  i s  r e f l e c t e d  i n  t h e  l a r g e  number of times 
t h e  u s e r s  a r t  s u r v e y e d ,  s e s u r v e y e d ,  and r e - r e s u r v e y e d .  
missing,  o r  t h e  answers would have been found. 
S o m e t h i n g  m u s t  b e '  
The t h r u s t  h e r e  i s  n o t  t h e  j u s t i f i c a t i o n  of t he  system i t s e l f ,  but  r a t h e r  t h e  
j u s , ; f i c a t i o n  of t h e  s e l e c t i o n  of t h e  v a r i o u s  technical  parameters  which t h e  
system m u s t  meet. This  j u s t i f i c a t i o n  (Le., optimum parameter  t r a d e o f f )  m u s t  
b e  done i n  r e l a t i o n  t o  t h e  a b i l i t y  o f  t h e  u s e r  t o  t u r n  t h e  c o l d ,  i m p e r s o n a l  
d a t a  i n t o  a l i v e ,  pe r sona l  d e c i s i o n  o r  piece of information.  
Therein,  of course,  l i e s  t h e  s l e e p e r :  t h e  d a t a  system d t s i g n e r  requires d a t a  
parameters ,  and i s  dependent on t h e  u s e r  t o  convert  h i s  i n fo rma t ion  needs t o  
t h e s e  d a t a  p a r a m e t e r s .  T h i s  c o n v e r s i o n  w i l l  b e  done w i t h  more  o r  l e s s  
a c c u r a c y ,  b e g i n n i n g  a c h a i n  of i n a c c u r a c i e s  wh ich  p r o p o g a t e  t h r o u g h  t h e  
s y s t e m ,  and which, i n  t h e  end, may p reven t  t h e  u s e r  from conver t ing  t h e  d a t a  
which he r e c e i v e s  i n t o  t h e  in fo rma t ion  he  r equ i r e s .  The concept t o  be pursued 
w i l l  be t h a t  e r r o r s  w i l l  oc-:*r i n  v a r i o u s  p a r t s  of  t h e  s y s t e m ,  and ,  h a v i n g  
o c c u r r e d ,  w i l l  p r o o o g a t e  t u  t h e  end. Mode l ing  of t h e  s y s t e m  m a y  a l l o w  a n  
e s t i m a t i o n  of t h e  e f f e c t s  a t  any p o i n t  and t h e  f i n a l  accumulated e f f e c t ,  and 
may provide a method of a l l o c a t i n g  an e r r o r  budget among t h e  system components. 
I n a c c u r a c i e s  w i l l  b e  c o n s i d e r e d  t o  b e  of two t y p e s ,  wh ich  may b e  s t a t e d  i n  
terms of t r a n s f e r  f u n c t i o n s  f o r  each of t he  system components considered:  1) 
Calibrat ion--  t h e  d i  L'f erence be  tween t h e  s t a t e d  t r a n s  f e r  f unc t i c 2 ax! r ea  1 i t y ;  
2) Uncertainty--the e r r o r  b a r s  around each s t a t e d  f u n c t i o n  and measurement. 
This paper p r e s e n t s  t h e  r e s u l t s  of one phase of r e sea rch  performed by t h e  J e t  
P ropu l s ion  Laboratory,  C a l i f o r n i a  I n s t i t u t e  of  Techno logy ,  s p o n s o r e d  by t h e  
Nat ional  Aeronaut ics  and Space A d m i n i s t r s t i o c  uuder Contract  flAS7-100. 
ORIGINAL PAGE IS 
4 01 OF POOR QUALITY 
W e  begin by modeling an in fo rma t ion  system as shown i n  F i g u r e  1. The forward 
model i s  r equ i r ed  t o  convert  u a i t s  of i n f o r m a t i o n  t o  u n i t s  of r e q u i r e d  d a t a ,  
and  answei 's  t h e  q u e e t i o n  "What s e t  of  m e a s u r e m e n t s  w i l l  b e s t  c a i  'y (i.e.,  
a l l o w  t h e  b e s t  d e r i v a t i o n  o f )  t h e  icformation?" This box provides  t h e  set  of 
measurement "requiremeate" t o  &he measuring system, v h i c h  responds w i t h  a s-.t 
of real measurements which w i l l  hopeful ly  be  somewhat n e a r  t o  t h e  d e s i r e d  set. 
H o v e v e r ,  t h e  d a t a  sys tem may h a v e  a n  i n a c c u r a t e  o r  u n c e r t a i n  t r a n s f e r  
f u n c t i o n ,  so t h a t  t h e  s e t  of a p p a r e n t  m e a s u r e m e n t s  p r e s e n t e d  t o  t h e  
in fo rma t ion  model d e v i a t e  f u r t h e r  from r e a l i t y .  It is w i t h  t h i s  set t h a t  t h e  
u s e r  a t t e m p t s  t o  d e r i v e  h i 6  in fo rma t ion ,  using t h e  I n f 3 r m a t i o n  Model. 
Evaluat ion of t h e  s y s t e m  Eakes p l a c e  i n  two l e v e l s  as suggested i n  F i g u r e  2. 
Ncte t h a t  t h e  e v a l u a t i o n  (and, t h e r e f c r e ,  t h e  design) of a t o t a l  i n f o r m a t i o n  
s y s t e m  i c  t h e  j o i n t  r e s p o r i s i b i l i t y  of t h e  u s e r  and t h e  d a t a  system des igne r ,  
as model  boxes  u n d e r  t h e  c o g n i z a n c e  of each  a r e  i n v o l v e d .  The d a t a  s y s t e m  
d e s i g n e r  c a n n o t  b e  h e l d  for t h e  i n a d e q u a c i e s / u n c e r t a i n = i e s  i n  e i t h e r  t h e  
f o r w a r d  or t h e  i n f o r m a t i o n  m o d e l s ,  a l t h o u g h  h e  i s  d e e p l y  i n t e r e s t e d  i n  t i l e  
v a l i d i t y  of each. 
Care m u s t  be t a k e n  i n  d e s i g n i n g  :he m o d e l s ,  and t h e  s y s t e m s  which  t h e y  
r e p r e s e n t .  A t  t h e  low end of ;;;;iz:i& t h e  sys t em may only provide a nominal s o l u t i o n  t o  t h e  i n f o r m a t i m  
, and so t he  p o t e n t i a l  e r r o r s  due t o  t h e  des ign  way be q u i t e  large.  
B v t  a t  l e a s t ,  @, t h e  d a t a  c a n  b e  o b t a i c e d .  A t  She o t h e r  extrei.t~A, i c o m p l t x  
m o d e l a  can  t e  p r e c i s e l y ,  i f  o n l y  t h e  d a t a  
r equ i r ed  for t h  s o l u t i o n  could be  obtained 8. I f  i t  can be I d e n t i f i e d ,  t h e  
s a d d l e  p o i n t ,  @, i s  t h e  opt imum c o m p l e x i t y  t o  d e s i g n  to .  I n  t h e  c a s e  of 
r e g i s t r a t i o n  of Landcat, f o r  example, t h e  s a d d l e  p o i n t  may be found t o  be a t  
t h e  0.5-1.5 p i x e l  l e v e l ,  f a i r l y  broad, w i t h  t h e  moderate g a i n s  obtained w i t h  
very complex processing being very c o s t l y  o r  t h e  r e q u i s i t e  complex d a t a  (e.g., 
w o r l d - w i d e  G C P s j  b e i n g  u n o b t a i n a b l e ,  o r  a t  t h e  low c o m p l e x i r y  e n d ,  s i m p l e  
processing producing only moderate r e g i s  t r a t i c n  accuracy. 
F i g u r e  3 a p p l i e s  t o  b o t h  mode l s  and systems. 
p r o d u c e  t h e  d e s i r e d  r e s u l t s  q 
SYSTEM DES1e.q 
We w i l l  be concerned p r i m a r i l y  w i t h  t h e  d a t a  system design. This i nc ludes  t h e  
c h o i c e  of t h e  p a r a m e t e r s  (e.g., a p e c t r a l  b a n d s ,  r e s o l u t i o n ,  e t c . ) ,  t h e  
e x a c t n e s s  w i t h  wh ich  t h e y  m u s t  b e  m a i n t a i n e d ,  t h e  c a l i b r a t i o n  p r o c e s s  
i n c l u d i n g  t h e  a v a i l a b i l  t y  o f  r e q u i r e d  a n c i l l a r y  d a t a ,  d a t a  l a t e n c y ,  and t h e  
u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  each of t hese  items. This m u s t  be done i n  t h e  
c o n t e x t  of t h e  c o m p l e t e  i n f o r m a t i o n  system. The d a t a  s y s t e m  b l o c k  i s  
diagrammed i n  Fi.gure 4. 
Two approaches may be taken t o  t h e  d a t a  system design:  1)  Optimize t h e  d a t a  
system by minimizing t h e  summation of the  d e v i a t i o n s  of t h e  d e l i v e r e d  products  
from t h e  des i r ed  measuremcnts; 2) Optimize t h e  t o t a l  i ; lformation system by 
m i n i m i z i n g  t h e  dec re* . se s  i n  o b t a i n a b l e  i n f o r m a t i o n  (by t h e  u s e r s )  d u e  t o  
d e v i a t i o n s  i n  t h e  d e s i r e d  measurements trom t h e  requested s e t .  One of  t h e s e  
approaches i s  u8ed i m p l i c i t l y ,  i f  n o t  e x p l i c i t l y ,  i n  any system dcsign. They 
do no t  n e c e s s a r i l y  lead t o  t h e  Same choize of parameters.  
T'LUS, t h e  d a t a  system d e s i g n  model  f o r  1 )  i s  d i ag rammed  { n  F i g u r e  S ,  T t  c a n  
b e  s e e n  t h a t  t h i s  is a l i n e a r  programming problem. The l o s s  f u n c t i o n  t o  b e  
m i n i m i z e d  i s  t h e  ( w e i g h t e d ,  a z , o r d i n g  t o  t h e  i m p o r t a n c e  of t h e  v a r i o u s  
d i s c i p l i n e s )  sum of t h e  d e v i a t i o n s  i n  t h e  d a t a  d e l i v e r e d  f ro=  each a k s c i p l i n e  
r e q u e s t .  The parameters a v a i l a b l e  t o  t h e  d e s i g n e r  a r e  t h e  s e n s o r  b o g i e  
p a r a m e t e r s ,  a n t i c i p a t e d  i n t e r f e r e n c e  f a c t o r s  ( s u c h  as  s e n s o r  v ora.ioi.5, 
ground a l t i t u d e  re l ie f  d i sp lacemen t@,  o r b i t  u u z e r t a i n t i e s ,  etc.) ,  t h e  a b i l i t y  
t o  m e a s u r e  t h e s e ,  t h e  c a l i b r a t i o n  f o r w a t d  mode l  ( L e . ,  how do we p l a n  t o  
remo-:e t h e  e r r o r s ? ) ,  d a t a  s y s t e m  procedurtzs ,  a v a F l a b ; - L i t y / a c c u  a c y  of 
c a l i b r a t i o n  r e f e r e n c e s ,  and t h e  p rocec t i r -d  used  t o  r e c t i f y  ( a p p l y  t h e  
c a l i b r a t i o n s ) .  To p r o p e r l y  c h o o s e  b e t w e e n  t h e  p a i a m e t e r s ,  c o e f f i c i e n t s  
p e r t a i n i n g  t o  t h e  s e n s i t i v i t y  of resul ts  t o  v a r i a t i o n s  i n  each parameter  and 
t o  t h e  importance of t h e  va r ious  parameters  are r eqd i r ed .  (For examplc, how 
impor t an t  t o  D i s c i p l i n e  A i s  t h e  d i f f e r e n c e  between prompt r e g i s t r a t i o n  t3 1 
p i x e l  vs. delayed r e p i s t r a t i o n  t o  3.3 p i x e l ;  how impoxtan+ a r e  t h e s e  r e l a t i v e  
t o  o v e r l a y  m a t c h i n g  o r  t o  a b s o l u t e  g e o d e t i c  l o c a t i o n ,  and how i m n o r t a n t  i s  
D i s c i p l i n e  A i n  t h e  t o t a l  scheme of t h i n g s ? )  These c o e f f i c i e n t s ,  i f  a v a i l a b l e  
a t  a l l ,  w i l l  gen r a l l y  be only poorly known. Note, however, t ha t  i i  t h e y  a r e  
n o t  e - . p l i c i t l y  s t a t e d ,  they w i l l  be essumed by t h e  d a t a  system des igne r  w i t h  
01 wi thou t  a f f i r m a t i o n  by t h e  d i s c i p l i n e  users.  A cavea t  t o  t h e  users! 
I n  approach 21, t he  u s e r  and h i s  forward and in fo rma t ion  models ,?re e x p l i c i t l y  
t r e a t e d ,  as d e m o n s t r a t e d  i n  r i g u r c  6. I n  t h i s  c a s e ,  t h e  i n f o r m a t i o n  s y s t e m  
des ign  must t a k e  i n t o  account ti,e e f f e c t  of t h e  r e a l  d a t a  on t h e  in fo rma t ion  
conversion i n  t h e  i n f o r m a t i o n  mcdels, recognizing t h a t  i L  w i l l  be d i f f e r e n t  
f r o m  t h e  d e s i r e d  d a t a  a n d  w i l l  b e  a c c o m p a n i e d  by t h e  a c c u i a u l a t e d  
u n c e r t a i n t i e s .  In a d d i t i o n  t o  t h e  se t  of d a t a  system pa rame t t r s ,  a v a i l a b l s  
a l s o  a r e  p o t e n t i a l  c h s n g r s  i n  t h e  f o r w a r d  and i n f o r m a t i o n  m o d e l s  (e.g., t h e  
u s e r  may have t o  do th ings  d i f f e r e i i t l y  than f i r s t  planned i f  t h e  a n t i c i p & t e d  
r e a l  d a t a  is too d ive rgen t  from t h e  d a t a  a e s i r e d  o r  i f  i t  w i l l  be accompanied 
by too l a r g e  errors . )  I n  a n  informaton-driven syt i tem,  t h e  i n f o r m a t i o n  l o s s e s  
a l l o w e d  w i l l  p l a c e  t o l e r a n c e s  on t h e  r e a l  d a t a .  T h i s  r e q u i r e s  t h a c  t h e  
i n f o r m a t i o n  m o d e l  b e  a c c o m p a n i e d  w i t h  a . e n s i t i v i t y  a i t a l y a i s .  The  
i n fo rma t ion / fo rward  model l i n e a r  programming o p t i m i z a t i o n  v i l '  - 1  l o w  t he  u s e r  
t o  r r a d e  o f f  t h e  v a r i o u s  d e s i r e d  p a r a m e t e r s  r e q u e s t e d ,  a l l o w i n g  f o r  t h e  
a n t i c i p a t i o n  of d a t a  r e a l i t i e s  and t h e  i n f l u e n c e s  of t h e  o t h e r  d i s c i p l i n e s  oil  
t h e  t o t a l  i n f o r m a t i o n  s y s t e m  outcome. 
Again, a caveat  t o  t h e  use r s - th i s  procedure,  u sua l ly  i m p l i c i t ,  requirc i t h e  
choosjrg of s e n s i t i v i t y  c o e f f i c i e n t s ,  a l s o  usua l ly  i m p l i c i t .  The u s e r  w i t h  
p a r t i c u l a r l y  s e n s i t i v e  r e q u i r e u e n t s  hsd b e s t  makc h i s  needs known! 
J u s t  a s  t h e  v a r i o u s  e r r o r s  p r o p a g a t e  t o  t h e  end ("divLf:rearn"), in a n  
i n f o r m a t i o n - d r i v e n  systerr t h e  t o l e r a n c e s  w i l l  p r o p a g a t e  u p s t r e a m .  The 
i m p l i c a t i o n  i s  t h a t ,  i n  c o n t r a s t  t o  t h e  n o r m a l  s i - g l e - t t . r c ; d  s y s t e m  which 
r e q u i r e s  e v e r - t i g h t e r  t o l e r a n c e s  i n  t h e  e a r l i e r  s tgges ,  i t  may be p o s s i b l e  f 3 r  
c e r t a i n  u s e r s  t o  p i ck  o f f  d a t a  e a r l i e r  i n  t h e  d a u  airrrru Leie ra  e r r o r s  have 
had a chance t o  accumulate ,  a d  tor them tu 22 t h e i i  ow11 prccessing. Thib may 
r c l i e v e  e r r o r  t o l e r a n c e s  on rhe relnaindzr of t h e  s y s t e m -  
I n  a d d i t i o n  t o  t h e  s e n s i t i v i t y  c o e f f i c i e n t b  f o r  a s i n g l e  p a r a m e t e r ,  c r o s s  
c o e f f i c i e n t s  may be impor t an t  i n  analyzing t h e  t r adeof f s .  Four examples of 
i n t e r d e p e n d e n c )  of v a r i a b l e s  a r e  s k e t c h e d  i n  F i g u r e  7. F o r  e x a m p l e ,  w i t h  
V a r i a b l e  A b e i n g  s p a t i a l  r e s o l u t i o n  and V - z i a b l e  3 b e i n g  d a t a  r a t e :  Case I 
( u p p e r  l e f t ) ,  a u s e r  m a y  h a v e  l o t s  of  c o m p u t e r  c a p a b i l i t y ,  s o  t h a t  d a t a  
q u a n t i t y  i s  no  p r o b l e m ,  b u t  i n c r e a s i n g  r e s c l u t i o n  i m p r o v e s  t h i n g s  ~p t o  a 
p o i n t  a f t e r  w h i c h  ( s a y )  s c a t t e r  i n  t h e  d a t a  d e c r e a s e s  h i s  p e r f o r m a n c e .  I n  
Case I V  ( l o w e r  r i g h t )  a s m a l l e r  u s e r  f i n d s  t h e  same t y p e  of r e s o 1 u t ; o n  
o p t i m i z a t i o n ,  b u t  t o t a l  d a t a  q u a n t i t y  h u r t s ,  so t h a t  a t  some po inL  t h e  
iuc*ease of d a t a  w i t h  r e s o l u t i o n  becomes t h e  l iu i t ing  fac to r .  
As a second e x a r p l e ,  l e t  t h e  v a r i a b l e s  be a b i l i t y  t o  register ( i n  p i x e l s )  VS. 
t h e  p i x e l  s i z e ,  2nd l e t  u s  c o n s i d e r  t h r e e  c a s e s :  1) u s e r  d o e s n ' t  ca re  a b o u t  
r e g i s t r a t i o n  a t  a l l ,  because h e  is  ocly looking a t  a s i n g l e  image; 2) d e s i r e d  
g e o d e t i c  l o c a t i o n  ( i n ,  s a y ,  m e t -  r s )  i s  c o n s t a n t  r e g a r d l e s s  of  r e s o l u t i o n  
b e c a u s e  t h e  u s e r  m u s t  r e g i s t e r  t o  GCP a t  t h e  same l o c a t i o n  a c c u r a c y  
independent of r e s o l u t i o n ;  t h i s  u s e r  r e q u i r e s  t h a t  t h e  p e r  p i x e l  r e g i s t r z t i o n  
g e t  b e t t e r  as  t h e  p i x e l s  g e t  l a r g e r ;  3)  f o r  o v e r l a y  p u r p o s e s ,  t h e  same 
f r a c t i o n a l  p i x e l  accuracy is requ i r ed  r e g a r d l e s s  of t h e  p i x e l  s i ze .  These are  
s k e t c h e d  i n  F i g u r e  8, t o g e t h e r  w i t h  a h y p o t h e t i c a l  s y s t e m  pe fo rmance .  The 
heavy l i n e  i n  F i g u r e  8 i n d i c a t e s  t h e  r i d g e  of opt imum p e r f o r m a n c e  from t h e  
u s e r  p o i n t  of view. The i n t e r s e c t i o n  of t h e  a n t i c i p a t e d  system performance 
w i t h  t h e  u s e r  ridge i n d i c a t e s  t h e  des ign  optimum. 
It is  r e a l i z e d  t h a t  t h e  bogie parameters, s e n s i t i v i t y  c o e f f i c i e n t s ,  and cross-  
s e n s i t i v i t y  c o e f f i c i e n t s  r e q u i r e d  t o  do a q u a n t i t a t i v e  s y s t e a  o p t i m i z a t i o n  
w i l l  g e n e r a l l y  no t  be ava i l ab le .  Nevertheless  , t h e s e  a re  i m p l i c i t l y  de f ined  
i n  t h e  sys tem designer 's  mind. H e  w i l l  make a mental  e v a l u a t i o n  of t h e  Jser 
f o r w a r d  slid i n f o r m a t i o n  m o d e l s ,  a n 6  t r y  t o  d e c i d e  wh ich  p a r a m e t e r s  a r e  
i m p o r t a n t  and w h i c h  c a n  be  s l i g h t e d ,  and t h e n  p r o c e e d  t o  t h e  d a t a  s y s t e m  
design. Much fundamental r e sea rch  remains t G  be done t o  d e f i n e  the  forward 
and in fo rma t ion  u s e r  models and t o  o b t a i n  t h e  s e n s i t i v i t y  f a c t o r s ,  t o  a l low 
these  to Le used in 5 q u a n t i t a t i v e  t o t a l  i n f o r n a t i o n  s y s t r m  design. 
SYSTEM ANALYSIS 
Somehow t h e  s y s t e m  debign i s  a r r i v e d  a t ,  t h e  senso r  b u i l t  and d a t a  del ivered.  
The user m u s t  then work w i t h  whatever d a t a  is now a v a i l a b l e ,  Cogether w i t h  i t s  
e r ro r s .  A t  t ha t  p Q i n t  he has only t h e  i n f o r m a t i o n  model t o  vary--that is, he  
w i l l  do whatever necessary t o  d e r i v e  the  d e s i r e d  information,  W e  w i l l  l e ave  
him t u  n i s  t r o u b l e s ,  and c o n s i d e r  t h e  d a t a  s y s t e m  i t s e l f .  The t a s k  a t  t h i s  
po in t  i s  t o  e v a l u a t e  t h e  s y s t e m  periormance (see F i g u r e  9). 
The n o r m a l  d e s i r e  i n  d e s i g n i n g  a s y s t e m  is t h a t  e a c h  f u n c t i o n  be a 1:l 
t r a n s l a t i o n ,  w i t h  a change  i n  d i m e n s i o n s  o n l y ,  u n t i l  f i n a l l y  t h e  " c o r r e c t  
measurement'; i s  t h e  same a8 t h e  " d e s i r e d  measurement" .  We w i l l  t h e r e f o r e  
.nodel each f u n c t i o n  8.: "somewhat l i n e a r ,  with a bias"  ( f i g u r e  left! ,  bu t  l e t  
t h e  o u t p u t  b e  p roduced  w i t h  some u n c e r t a i n t y  ( f i g u r 2  r i g h t ) .  Fo r  a l i n e a r  
s y s t e m  w i t h  t h o  i n p u t  h a v i n g  any p o s s i b l e  v a l u e  w i t h  e q u a l  p r o b a b i l t y ,  t h e  
p r o b a b i l i t y  t h a t  t h e  o u t p u t  h a s  a v a l u e  i n  a c e r t a i n  r a n g r  i s  found by 
c c n v o l v i o g  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of t h e  e r r o r  w i t h  t h a t  of t h e  
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s i g n a l ,  and  i n t e g r a t i n g  b e t w e e n  l i m i t s  r e p r e s e n t i n g  t h e  range of i n t e r e s t .  
(Note t h a t  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  of t h e  e r r o r  i s  equ iva len t ,  
i n  one dimension, t o  t h e  p o i n t  spread f u n c t i o n  of t h e  image case. The symbol 
h w i l l  t h e r e f o r e  be used.) Define the "gain" of each stage as Output/Input = 
a, so t h a t  f o r  a t w o  stage s y s t e m ,  
For cons t an t  t o t a l  system g a i n  ala2 ,  minimum e r r o r  occurs when a1 
l e a d s  t o  t h e  e n g i n e e r s '  o l d  r u l e  of  thumb: 
n o i s e  sou rces  as possible .  
This 
p u t  as much g a i n  ai:a?.of any 
I f  t h e  e r r o r  sources  are Gaussian,  t h e  convolut ions become root-mean-square 
add i t ions .  However, i n  t h e  r e g i s t r a t i o n  case ,  i t  i s  i x : t  y e t  c l e a r  whether t he  
e r r o r  sources  are Gaussian,  so t h e  BMS a d d i t i o n  must be used wih c z u t i o n  I t  
is a l s o  n o t  c l e a r  w h e t h e r  a n  RMS s t a t e m e n t  of  t h e  e r r o r s  i s  t h e  one  nos t  
u s e f u l  t o  t h e  use r  i n  eva lua t ing  t h e  s y s t e m  performance. For example, i t  r . 1 ~ ~  
b e  more i m p o r t a n t  f o r  t h e  u s e r  t o  know where  t h e  d i s p l a c e m e n t  e r rGrs  o c c u r  
( w o r s e  i n  a r e a s  of h i g h  r e l i e f  and p r e d i c t a b l e  i n  d i r e c t i o n )  t h a n  i t  i s  Lor 
him t o  know a n  RMS value (which i n  i t s e l f  m a y  be suspect) .  
I t  should be noted t h a t  a s t a i emen t  G f  t h e  e r r o r s  occur r ing  i n  v a r i c u s  p a r t s  
of t h e  s y s t e m  i s  o f  m a r g i n a l  u s e  by  i t s e l f  u n l e s s ,  p e r h a p s ,  o n e  o r  more is 
g1arii:gly bad. Not u n t i l  t h e  systec nodel  i s  b u i l t  ( i m p l i c i t l y  or e x p l i c i t l y ?  
can the  emor p r o p g a t i o n  be est imated.  Uuring s y s t e m  design,  t h e  propagation 
e s t i m a t e  is used t o  e s t a b l i s h  t o l e r a n c e s  on t h e  components, a d  during e v a l u a t i d a  
i t  w i l l  b e  u s e d  w i t h  t h e  a c t u a l  e x p e c t e d  e r r o r s  t o  c h e c k  per:ormance and  t o  
i d e n t i f y  c r i t i c a l  e r r o r  c c n t r i b u t o r s .  Af t e r  t h e  c o n t r i b u t i n g  e r r o r  sources  
and t h e i r  i n t e r a c t i o n s  are i d e n t i f i e d ,  t h e  fo l lowing  q u e s t i o n s  may be asked or' 
each source and of t h e  s y s t e m  as q whole: 
* What is t he  intended cmponent  performance? 
* What is  t h e  component a c t u a l  expected performance? 
* How may the performance be v e r i f i e d ?  
* What c o r r e c t i o n  methods are  a v a i l a b l e  f o r  s y s t e m  USC? 
* What c o r r e c t i o n  methods a r e  a v a i l a b l e  f o r  u se r  u s e ?  
f How w e l l  can t h e  c o r r e c t i o n  methods p o t e n t i a l l y  work? 
* How well may t he  c o r r e c t i o n  methods a c t u a l l y  work? 
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* How do  i n a c c u r a c i e s  p ropaga te  through t h e  sys tem? 
* How do u n c e r t a i n t i e s  propctgate  th rough  t h e  syssem? 
* Where a r e  t h e  major inaccuracy  o r  u n c e r t a i n t y  s o u r c e s ?  
F i n a l l y ,  i t  i s  t o  be expec ted  t h a t  t h e r e  may be  breakdowns d u r i n g  o p e r a t i o n ,  
or t h a t  t h e r e  may b e  o p e r a t i o n a l  p r o b l e m s  i n  p e r f o r m i n g  t h e  c o m p o n e n t  
f u n c t i o n s .  C o n s i d e r i n g  p r o b a b i l i t y  o f  c o r r e c t  o p e r a t i o n  as a s y s i e m  
c r i t e r i o n ,  t h e  f o l l o w i n g  q u e s t i o n s  are p e r t i n e n t :  
* 
* 
* 
W h a t  s l a c k  i s  t h e r e  i n  t h e  d e s i g n  t o  allow f o r  problems? 
I f  a p r o b l e m  o c c u r s ,  w i l l  t h e  a y s t e m  f a i l  c a t a s t r o p h i c a l l y  o r  
g r a c e f u l l y ?  
What is t h e  p r o b a b i l i t y  t h a t  t h e  sys t em w i l l  remair. U F  ( w i t h i n  s p e c s )  
f o r  XX of t h e  t ime? 
:!ow hard  does  t h e  sys tem,seem t o  be  t o  o p e r a t e ?  
What p o t e n t i a l  f o r  o p e r a t o r  e r r o r s  are  p r e s e n t ?  
Are work-arounds f o r  v a r i o u s  e n v i s i o n e d  errors d e f i n e d ?  
How f r i e n d l y  a r e  t h e  sys tem i n t e r f a c e s  t o  t h e  u s e r s ?  
Where a r e  t h e  o p e r a t i o n a l  b o t t l e n e c k s ?  
Are t h e r e  any s e r i o u s  s i n g l e - p o i n t  f a i l u r e  p o i n t s ?  
FINAL POINTS 
I t  can  be  s e e n  t h a t  t h e  v a r i o u s  "User  Requ i remec t s  Surveys" have  n o t  asked  t h e  
r i g h t  q u e s t i o n s ,  o r  a t  l e a e t  have  not  a sked  t h e  q u e s t i o n s  w i t h i n  a m i l i e u  t o  
a l l o w  t h e  u s e r  t o  r e s p o n d  w i t h  t h e  c o e f f i c i e n t s  r z q u i r e d  by t h e  s y s t e m  
des igne r .  The most r e c e n t  sys t em su rvey  by CSFC h a s  t aken  a s t e p  i n  t h e  r i g h t  
d i r e c t i o n  by p r e s e n t i n g  t o  t h e  users s e v e r a l  p o t e n t i a l  systems among which t h e  
u q e r s  were t o  i n d i c a t e  t h e  r e l a t i v e  use fu lness .  But t h e  n e c e s s a r y  g r o s s n e s s  
of t h e  d i f f e r e n c e s  p r e v e n t s  any f i n e  t u n i n g  o f  t h e  parameters .  
I t  is  n o t  c l e a r  t h a t  t h i s  f i n e  t u n i n g  i s  even p o s s i b l e ,  g i v e n  t h e  d i v e r s i t y  of 
u sexs  w i t h i n  each  d i s c i p l i n e ,  l e t  a l o n e  among t h e  d i s c i p l i n e s .  No p l a t e a u s  
o f ,  s a y ,  r e g i s t r a t i m  accuracy ,  have  beec  found beyand which t h e r e  i s  a marked 
l o s s  of  u t i l i t y  of t h e  da ta .  The !oss of u t i l i t y  w i t h  p o o r e r  per formance  has  
c o t ,  p e r h a p s  c a n n o t ,  b e  s t a t e d  f o r  t h e  v a r i o u s  d i s c i p l i n e s .  And t h e  
a g g r e g a t i o n  of t h e  l o s s e s  w i l l  produce n loss cu rve  w i t h  a g r a d u a l  s l o p e ,  w i t h  
no c l i i f s .  
I n  t h e  long run ,  i t  m a y  w e l l  t r  found t h a t  a l l  of t h e  p o t e n t i a l l y  o b t a i n a b l e  
i n f o r m a t i o n  i s  a l r e a d y  i n  t h e  u s e r  s u r v e y s  which a r e  a v a i l a b l e  and t h a t  u s e r s  
r e a l l y  cannot  d e f i n e  t h e i r  c o e f f i c i e n t s ,  much less a n t i c i p a t t .  t h e  Poef f i c i e n t s  
of o t h e r s .  I n  t h i s  c a s e ,  
t b  a d v a n c e s  i n  s y s t e m  p e r f o r n a n c e  w i l l  b e  m o r e  t e c h n o l o g y  d r i v e n ,  a n d  t h e  
users m u s t  make of i t  wha t  t h e y  w i l l .  ( I n  any  e v e n t ,  o n c e  a s y s t e m  i s  
des igned ,  t h i s  i s  t h e  s i t ua t ion . )  I t  t h e n  r e m a i n s  t o  t h e  sys t em p e r s o n n e l  t o  
d e f i r l e  w h a t  d a t a  q u a l i t y  r e s u l t s  a t  v a r i s u s  p o i n t s  i n  t h e  s y s t e m ,  a c d  
b o p e f u l l y  a l l o w  t h e  u s e r s  t o  o b t a i n  d a t a  ot v a r i o u s  q u a l i t y  t o  sitit t h e i r  
needs.  The sys tem error model w i l l  be used  t o  do t h e  eva!uat ion,  i d e n t i f y  and 
remove s u c c e s s i v e  e r r o r  p redomican t  s o u r c e s ,  t o  p r o v i d e  e v e r - b e t t e r  d a t a  t o  
t h e  u s e r s ,  and t o  s e r v e  as a s o u r c e  of i n f o r m a t i o n  f o r  su3sequen t  sys tems.  
T h i s  i s  t h e  " l c r  c o m p l e x i t y "  e n d  of t h e  s p e c t r u m .  
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8.4 MODELING 
ON 
HISREGISTRATION AND RELATED EFFECTS 
MULTISPECTBAL CLASSIFICATION* 
Fred C. Billingrlcy 
Jet Propulrion hboratory, California Inrtitute of Technology 
. . Par&dana , C.1 if oraia 91 109 
Spectral analysis generally takes the form of multispectral classification 
in which the classification is done by comparing the sample measurement vector 
to the statistics of the set of known material vectors (training statistics) 
representing all possible classes, and by using one of several decision methods, 
determining which of the knowns it most nearly matches. 
The problem pursued will be the effects of misregistration on the accuacy 
of multispectral classification in answer to the question: 
What are the effects on multirpectral classification accuracy of 
relaxing the overall scene registration accuracy from 0.3 to 0.5 
pixel? 
The misregistration is but one of a group of parameters (noise, class 
separability, spatial transient rerponse, field sire) which must all be 
considered simultaneously. The thread of the argument (which will be 
discussed in detail below) is this: any noire in the measurements (due to the 
scene, sensor, or the analog to digital process) causes a finite fraction of 
measurements to fall outside of the classification limits. For field 
boundaries, where the misregistration effects are felt, the mioregistration 
causes the border in a given (set of) band(s) to be closer thrn expected to a 
given pixel, so that the mixed materials in the pixels causes additional 
pixels to fall outside of the class limits. Consideration8 of the transient 
distance involved in the difference in brightners between adjacent fields, 
when rcaled to "per pixel", allows the estimation of the width of the border 
zones. The entire problem is then scaled to field sites to allow estimation 
of the global effects. 
This approach allows the estisation of the accuracy of multispectral 
classification which Eight be expected for field interiors, the useful number 
of quantization bits, and one Set of criteria for an,unbiased cl&ssifier. 
*This paper presentr the results of one phase of research performed a t  the 
Jet Propulrion Laboratory, California Institute of Technology, rponsored by 
the National Aeronautics and Space Administration under Contract NAS:-lOO. 
CONCLUSIONS 
I b e  following b r i e f l y  r t a t e d  conc lu r ions  are developed i n  d e t a i l  i n  t h e  
body of t h e  r epor t .  
I o The d i f f e r e n c e  between 0.3-and 0.5-pixel m i a r e g i r t r a t i o n  
18 i n  t h e  n o i r e  fo r  m l t i r p e c t r a l  c l a r s i f i c a t i o n .  
o P r t c i r i o n  u r e r r  may have t o  r e r t g i r t e r  image regme~tr any- 
way, making extreme r e g i r t r a t i o n  p r t c i r i o n  by the  8prtem 
of  leas importance. 
o I n t e r p o l a t i o n  a lgo r i thm choice i r  r e l a t i v e l y  unimportant,  
provided a h i g h e r - o d e r  i n t e r p o l r t o r  i r  used. 
o If r u l l  f i e l d s a r e  important ,  rmall p i x e l s  are more important 
than r e n r o r  n o i s e  c o n t r i b u t i o n s .  
I n  a d d i t i o n ,  s e v e r a l   observation^ r e s u l t :  
o System r e g i r t r a t i o n  t o  1-2 p i x e l s  chould r a t i s f y  u s e r s  
of f i l m  products.  
o There i s  a grey a r e a  of 0.5  t o  1-2 p i x e l s  i n  which t h e  
requirements for high p r e c i s i o n  are not well  j u s t i f i e d .  
THE BASIC MODEL 
The expected e f f e c t  of m i s c l a s s i f i c r t i o n  my be e s t ima ted  by a simple 
f i r s t - o r d e r  approach, because t h e  d i f f e r e n c e s  i n  c l a s s i f i c a t i o n  accuracy 
between t h e  a n y  c l a s s i f i c a t i o n  schemes and c o n d i t i o n s  t h a t  have been tes ted 
a r e  overshadowed by the  v a g a r i e s  i n  t h e  d a t a  and assumptions i n  t h e  
c l a s s i f i c a t i o n  process ,  so t h a t  h ighe r  o rde r  a n a l y s i s  w i l l  c o n t r i b u t e  l i t t l e  
a d d i t i o n a l  understanding. 
Consider f i r s t  t h e  p r o b a b i l i t y  o f  c o r r e c t  i d e n t i f i c a t i o n  of a f i e l d  
i n t e r i o r  p i x e l .  F i e l d  i n t e r i o r s  are nonuniform bccause of  t h e  combined 
e f f e c t s  of  sensor  n o i s e ,  s c a l e d  t o  equ iva len t  r e f l e c t i v i t y  ( K E A 2  and 
inhe ren t  nonunifonni t  ies i n  t h e  f i e l d  i t c e l f .  The o v e r a l l  b r i g h t n e s s  
d i s t r i b u t i o n  <: considered t o  be Gaussian - t h i s  i s  approximately t r u e  f o r  
f i e l d  i n t e r i G r s ,  a l though t h e  d i s t r i b u t i o n  d e v i a t e s  cons ide rab ly  toward 
bimodal f o r  r i x e d  m a t e r i a l s  a t  f i e l d  borders .  
The comtined : i f e c t  of t h e s e  v a r i o u s  n o i s e  sou rces  produces a f i n i t e  
p r o b a b i l i t y  of m i s c l a s s i f i c a t i o n .  (Figure S-1) The f i r s t - o r d e r  estimate 
c o n r i d e r s  t?,e t o t i l  va r i ance  caused by t h e  rcene,  sensor  and q u a n t i z a t i o n  as 
compared t o  t h e  de f ined  c l a s s  s i t e  l i m i t s ,  however t h e s e  are determined. 
S i m i l a r ,  but  r e l a t i v e l y  second-order, effects may be expected w i t h  a higher  
order a n a l y s i r .  t&Qper  c l a s s i f i e r  t r a i n i n g ,  r e s u l t i n g  i n  a c c u r a t e  l i m i t s ,  is 
r r r e n t i a l  (Hixron e t  a l l  1980). 
For s i m p l i c i t y ,  and because of t h e  l a t e r  d e s i r e  t o  m i s r e g i s t e r  one (or 
more) of t h e  bands, t h e  d i s c u r s i m  w i l l  assume t h a t  s p e c t r a l  bands a s  sensed 
w i l l  be used,  and t h a t  f o r  r e c o g n i t i o n ,  t he  unknown p i x e l  must f a l l  between 
a p p r o p r i a t e  l i m i t 8  i n  every band t e r t e d .  Therefore ,  b r i g h t n e r r  o u t r i d e  of a 
l i m i t -  i n  any one band 18 r u f f i c i c n t  f o r  r e j e c t i o n ,  no t h a t  uc need t o  cons ide r  
only one band at a time. 
The p r o b a b i l i t y  of a rample being w i t h i n  t h e  c la r r  l i m i t 8  can be derived 
by arruming t h a t  a n  enremble of  c l e a n  r i g n a l r  from a a e r i e r  of a r e a 8  of the 
aame m a t e r i a l  can  be anywhere w i t h i n  t h e  quan t i z ing  range w i t h  uniform 
p r o b a b i l i t y ,  b u t  t h a t  i n d i v i d u a l  rampler are per turbed by t h e  C l u r r i a n  no i se  
v i t h  a d i s t r i b u t i o n  equal  t o  u . The p r o b a b i l i t y  d i r t r i b u z i o n  of t h e  r i g p a l  
plur n o i r e  i r  found by convolving t h e  p r o b a b i l i t y  d i r t r i b u t i o n  of t h e  s i g n a l  
v i t h  t h a t  of t h e  nois?. The p r o b a b i l i t y  of  correct c l a s s  aarignment ( i .e. ,  
t h e  p i x e l  i n  w i t h i n  t h e  c l a s s  l i m i t @ )  i r  then  found by i n t e g r a t i n g  t h e  
p r o b a b i l i t y  d i r t r i b u t i o n  between a p p r o p r i a t e  c l a r s  l i m i t s  (Friedman 1965) .  
The resu l t  of t h i e  c a l c u l a t i o n  is rhovn i n  Figure S-2. I n  t h e  u s e f u l  range 
of  p C 3 < p <  7). the  curve  can be approximated by 
Plog P = - 0.40 
where P = p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n ,  and 
class s i z e  , w i t h  class size End a in t h e  same units. acme P= Oscene 
Sources of moire w i l l  be t h e  rcene i t r e l f  and t h e  r e n r o r ,  both assumed t o  
be random f o r  t h i s  a n a l y s i s .  The root  mean square (rms) sum is taken t o  g ive  
the  t o t a l  e f f e c t i v e  noise .  A number of  p i x e l  meisurements may be averaged 
t o g e t h e r  t o  reduce t h e  n o i r e  b e f o r e  c l a r s i f i c a t i o n .  This f i n a l  n o i r e  f i g u r e  
u y  oe compared t o  t h e  u i d t h  of  t h e  c l a r s  t o  g ive  P , from which t h e  
p r o b a b i l i t y  B of c o r r e c t  c l a r ~ i f i c a t i o n  may be es t ima ted .  T h i r  l e a d s  t o  the 
C l a s s i f i c a t i o n  Er ro r  Estimator, Fig. S-3. 
As a n  example, cons ide r  a scene having a f i e l d - i n t e r i o r  v a r i a t i o n  o t  3%, 
t o  be viewed v i t h  a senso r  having o t o t a l  no i se  f i g u r e  of 1%. The t o t a l  
e f f e c t i v e  n o i s e  seen by t h e  c l a s s i f i e r  (upper l e f t )  w i l l  be t h e  rms sum of 
t h e s e ,  or 3.16%, which f o r  a t o t a l  0-255 d i g i t a l  number (dn) r ange ,  voulrl be 
8.1 dn. If t h e  c l a s s  width (determined by t h e  c i a s s i f i e r  a lgo r i thm)  i s  25 dn 
( r i g h t  c e n t e r )  t h e  P 3.1, g iv ing  P = 0.742 ( r i g h t  l o v e r ) .  I f  t h i s  P i s  
not a c c u r a t e  enough f o r  t h e  a n a l y s i s ,  s e v e r a l  p i x e l s  m u s t  be ave raged( r igh t  
upper):  a 2x2 averaging w i l l  raise p t o  6 .2D g iv ing  a new P = 0.86. 
- 
Considering Q i n  t h i s  way a l lows  a n  e s t i m a t i o n  of t h e  t o t a l  n o i s e  
pe rmis s ib l e  A B  A t  a f f e c t s  t h e  a t t a i n a b l e  c l a s r i f i c a t i o n  accuracy. I f  t h e  
AnOUnt of scene n o i r e  t o  be encountered i n  A given c l a s s i f i c a t i o n  t a s k  can be 
e s t ima ted ,  t+e al lowable e x t r a  no i se  from the  senso r  and q u a n t i z a t i o n  can be 
s p e c i f i e d  by e s t i m a t i n g  t h e  loss  of  accuracy of t h e  c l a s s i f i c a t i o n  caused by 
q u a n t i z s t i o n  e r r o r .  Th i s  l e a d s  t o  a n  cstimate of t h e  number of b i t s  which 
u i l l  be u r e f u l .  
Define the  p e r f e c t  rensor  as having no random no i se  nor q u a n t i z a t i o n  e r r o r  
This  w i l l  d e f i n e  ( f o r  nxn p i x e l s  averaged) ii.e., a n  i n f i n i t e  number of b i t s ) .  
Po - 10-o.4'Po c l a s s - s i z e  n 
scene 
and 
0 Po = 
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For t h e  real aenaor8 p<po becauac of t h e  f i n i t e  Usenaor and Oquant i ra t ion.  
The new p r o b a b i l i t y  of correct c l a r a i f i e a t i o n  P is r e l a t e d  t o  Po by: 
A p l o t  of t h e  1088 i n  c l a r s i f i c a t i o n  accuracy ve. Po i e  g iven  i n  Figure 
s - 4 8  f o r  t h e  parameter f a m i l i e s  P / P ~  and arenaor/  uPctne. Noise 
81 loca t ion  s ta r t s  w i t h  defi , l ing t h e  d e r i r e d  Po Ond a s c e r t a i n i n g  t h a t  t he  
required pecan be obtained.  D e f i n i t i o n  of t h e  allowed AP determiner  (e.g. ,  
from t h e  graph)  the  a l l o v d  upensor/  a r c c & .  An e s t i m a t i o n  of t h e  scene 
n o i r e  f o r  which the  o t h e r  c o n d i t i o n s  apply a l l o , ~  the c a l c u l a t i o n  of  t h e  t w a l  
r t n o o r  n o i r e  allowed. The f i n a l  s t e p  i o  t o  p a r t i t i o n  t h i s  n o i r e  between 
uensor random no i se  and q u a n t i z a t i o n  noise .  
Far example, l e t  t h e  d e s i r e d  Po 85% and allow no more than  2X loss  
Po. Then, from Figure S-4, t h e  allowed Orensor = 0.6 tJacene .  If 
t h e  rcene has  a UsCene 2%, t he  al lowable urenSor - 0 . 6 ~ 2 2  = 
1.2%. which must be p a r t i t i o n e d  between N E A P  n t  i t a  t ion n o i s  e. 
For NE Ap * 1%, t h e  al lowable C3quant = 0.66X1 which 
can be m e t  b, 6-bit  q u a n t i z a t i o n .  
due t o  t h e  t o t a l  aensor noise .  The no-senaor-noise Po must be s 5 . 1  - .  LQ aivc  
I L o  o b s t r v a t i o n s  a r e  important he re :  (1) Inc reas ing  t h e  number of b i t s  of 
q u a n t i z a t i o n  produces improvements which a sympto t i ca l ly  approach z e r o ,  as each 
successive b i t  reduces t h e  s t e p  s i z e  by a f a c t o r  of 1 / 2 .  ( 2 )  A rcene having 
as 1i:tle as 2% v a r i a t i o n  i s  a very uniform scene. Since t h i s  n o i s e  i s  m 6 ' d  
w i t h  t h e  sensor  no i se ,  i t  w i l l  overwhelm any but  a very r o i s y  sensor .  
Therefore ,  f o r  purposes of mul t i - spec t r a l  classification, more t h a n  n i x  b i t s  
would reem t o  be unnecessary. 
EDGE EFFECTS 
To t h i s  p o i n t ,  t he  a n a l y s i s  i s  based on p i x e l s  well i n s i d e  uniform f i e l d s  
and we l l  away from f i e l d  boundaries.  A number of experimenters  have rpent 
apprec i ab le  t ime d i scove r ing  t h a t  c l a s s i f  i c a t i o n  accuracy falls o f t  a t  
boundaries due t o  what has become known as t h e  mixed-pixel e f f e c t .  We w i l l  
r t a r t  a t  t h a t  po in t  and at tempt  t o  model t h e  e f f e c t  t o  a l low us t o  q u a n t i f y  
our expec ta t ions .  
We assume as a s t a r t i n g  point  t h a t  a11 the  s p e c t r a l  bands used i n  
c l a s s i f i c a t i o n ,  whether obtained from one d a t e  o r  s e r i e s  of da tes ,  are i n  
p e r f e c t  r e g i s t r a t i o n .  This means t h a t  when t h e  p i x e l  g r i d s  from each band a r e  
a l igned  t h e  d a t a  c o n t e n t s  ( f i e l d  bo rde r s ,  roads ,  a l l  f e a t u , e s )  a r e  a l s o  
a l igned  - no te  t h a t  t h i s  is mare than s i m p l y  having a l l  i n t e r n a l  d i s t o  t i o n s  
removed, which i s  a l l  t h a t  most geametric r e c t i f i c a t i o n s  accomplish. 
H i e r e g i s t r a t i o n  w i l l  ( l a t e r )  be considered as t he  l ack  of alignment of t he  
pixe2 g r i d s ;  because the  computer can only work wi th  p i x e l  g r i d s ,  a l i g n i n g  
these p i x e l  g r i d s  appears t o  t h e  computer as a s h i f t  i n  t he  
boundaries .  We w i l l  assdme t h a t  t r a i n i n g  samples are a c c u r a t e  and t h a t  c l a s s  
l imits  have been @ e t  from t h e s e  by t h e  c l a s s i f i e r  chosen. The c l a s s i f i c a t i o n  
i e  modelled a s  fol lows:  s i g n a t u r e  s h i f t i n g  i n  any i n d i v i d u a l  band w i l l  tend 
to  cause m i s s l a s s i f i c a t i o n ,  so t h a t  t h e  s i t u a t i o n  may be t r e a t e d  one band a t  a 
time. The r f f e c t r  of p i x e l  m i x t u r e  i n  a l l  bandr my then be m r ' d  t o g e t h e r  i f  
dea i r ad .  The e n t i r e  a n a l y r i r  r i m p l i f i e r  t o  the  c o n r i d e r a t i o n  of t h e  t r a n r i e n t  
i n t e n r i t y  r n i f t  acrorr f i e l d  boundarier  &a cosnpartd t o  t h e  c larr  limitr and 
t h e  no i se  componentr of t h e  mearurement. 
The f i r r t  r t e p  i n  a n a l y r i n g  t h e  r p r t i o l  e x t e n t  of p i x e l  mixing a c r o s s  
borderr  i r  t o  ertimate t h e  rhape and e x t e n t  of t h e  t r a n r i e n t  i n t c n r i t y  r h i f t .  
I f  t h e  impulre n r p o n r e  f u n c t i o n r  o r  t h e  modulation t r a n r f e r  f u n c t i o n r  (ICTFs: 
of  the v a r i o u r  componentr (and, hence, t h e  e n t i r e  ryrtcm) are known, a p r e c i r e  
t r a n r i e n t  n r p o n r e  MY be c a l c u l a t c d .  For example, t h e  i p e c i f i c a t i o n r  f o r  t h e  
Thematic Mapper f o r  h n d r a t  D ca l l  for (L 22 t o  98% time e q u i v a l e n t  of about 2 
p ixe l ,  implying A 1OX-90z t r a n r i e n t  n r p o n r e  of about 1.3 p i x e l .  The 
p r a c t i c a l  r e a u l t  of t h i s  i r  t h a t  t h e  " i n f i n i t e l y  rharp" edger of t h e  r e e l  
rcene w i l l  be rof tcned by t h e  f i l t e r i n g  e f f e c t  of t h e  rcanning a p e r t u r e  
(rrsumed to  be  r e c t m g u l a r  and having uniform reaponre) and i t  i s  t h i s  
sof tened t r a n r i c n t  reaponre which i r  rampled. I n t e r p o l a t i o n  r equ i r ed  f o r  
r e J i c t r a t i o n  w i l l  caure rome f u r t h e r  r o f t c n i n g ,  and t h e  u r e  of any of t h e  
competent higher-order i n t e r p o l a t i o n  func t ion r  (rinxlac, TRU cub ic  convo lu t ion ,  
modified cubic  convolut ion,  o t h e r  s p l i n e r )  v i 1 1  have minor e f f e c t r  of t h e  r ise  
time. A t o t a l  T10-90 ( t r a n s i e n t  response from 10% t o  90%) of  1.5 p i x e l s  
with no ringing vi-'. be used as a surrogate g l o b a l  value.  
The t r a n s i e n t  r i t u a t i o n  a c r o s s  a border  i d  rketched i n  Fig.  S-5. Ue a r e  
concerned here wi th  the  dec rease  i n  p r o b a b i l i t y  t h a t  a given p i x e l  vi11 have a 
vaiue w i t h i n  t h e  c l a s s  l i m i t s  as t h a t  p i x e l  moves toward t h e  boundary, as 
shown i n  Figure S-6. The a n a l y s i s  only needs t o  determine t h e  a r e a  under t h e  
m o m 1  curve (assuming t h e  n o i r e  i s  Gaussian) between t h e  l i m i t s  as determined 
by the c l a s h i f i c o t i o n  class r i z e  and t h e  o f f r e t  from t h e  " f i e l d  i n t e r i o r  value" 
caused by t h e  mixture.  The important s c a l i n g  involved is t h e  amount of s i g n a l  
o h i f t  caurcd by t h c  t r a n s i e n t  t o t a l  r h i f t  T, as r e l a t e d  t o  t h e  desired c l a s s  
r i z e  S, f o r  a given p . The l e f t  p o r t i o n  of Figure S-7 r e f l e c t s  t h i s  s h i f t  i n  
b r i g h t n e s s  ( v e r t i c a l  a x i s )  as i t  affects  t h e  area v i t h i n  t h e  c lass  ( t h e  
p r o b a b i l i t y  of r ecogn i t ion ) .  
The t r a n s i e n t  r ise  d i s t a n c e  estimated f o r  t h e  Thematic Mapper h a s  very 
c l o s e  t o  a Gaussian rbape and a Ti0-90 = 1.5 p i x e l .  The amount of 
b r i g h t n e s s  s h i f t  i s  t h e  d i f f e r z n i e  betveen t h e  b r i g h t n e s s  of t h e  f i e l d  under 
c o n s i d e r a t i o n  and t h e  a d j a c e n t  f i e l d  which is  causing t h e  r h i f t .  The 
important i n t e n s i t y  r e l a t i o n  i s  t h e  magnitude of t h i r  r h i f t ,  T, as r e l a t e d  t o  
t h e  r i z e  S of t h e  c l a s s  being tested by t h e  r a t i o  T I S .  These cu rves ,  fo r  
va r ious  TIS, are combined w i t h  t h e  p r o b a b i l i t y  cu rves  of t h e  p rev iaus  
d i s c u s s i o n  i n  Figure S-7. From t h i s  may be est imated t h e  loss i n  p r o b a b i l i t y  
i n  c l a s s i f i c a t i o n  of p i x e l s  nea r  bo rde r r .  
BIAS IN FIELD SIZE ESTiHATION 
It can be appzec i r t ed  t h a t  r e v e l a 1  t h i n g s  are happening r imul t aneaus ly :  
If t h e  love r  l i m i t  of f i e l d  B and t h e  upper l i m i t  of f i e l d  A have a gap 
between, p i x e l s  " lo s t "  by f i e l d  B u i i l  not be picked up by f i e l d  A, and w i l l  
be conridered unknovnc and no t  be  counted i n  e i t h e t  f i e l d .  The l o s t  p i x e l s  
w i l l  be rome ' In t e r io r  p i x e l s ,  due t o  i n s u f f i c i e n t  (3 , and r l a r g e  number of 
near-border pixelm, rerulZinR i n  apparent f i e l d  ri:e l o r s .  Only i f  t h e  love r  
l i m i t  of f i e l d  B and t h e  upper l i m i t  of f i e l d  A are co inc iden t  v i l l  
p i x e l r  lost from one f i e l d  be picked up by the  o t h e r ,  and v i c e  v e r s a ,  t o  g i v e  
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complete account of a11 pixel,.  For the f i e l d  mire e r t i m a t o r  t o  be unbiared,  
t h e  1088-and-pickup i n  bo th  d i r e c t i o n 8  r u r t  cance l ;  t h a t  i 8 ,  @n t h e  average 
t h e  true border  murt be l oca t ed .  The t o t a l  e f f e c t  w i l l  depend on t h e  r a t i o  of 
t h e  number of border  p i x e l 8  t o  t h e  number of  f i e l d - i n t e r i o r  p i x e l 8 ,  and hence 
i r  - f u r c t i o n  of t h e  f i e l d  rhape and rire. 
T h i r  lead8 d i r e c t l y  t o  t h e  r equ i r ed  a lgo r i thm f o r  f i e l d  r i rc  e r t i u m t i o n :  
P i r o t  d i v i d e  t h e  rcenc i r t o  blobr, each of which i e  r u f f i c i c n t l y  r --om, and 
w i t h  c l o r c d  boundaries. Then f o r  each blob ( f i e l d )  determine L... average 
b r i g h t n e a r  f o r  a11 t h e  i n t e r i o r  p i x e l 8  which are r a f e l y  away irem t h e  border .  
For each regment of t h e  bo rde r ,  t h e  c o r r e c t  f i e l d  edge d e c i r i o n  l e v e l  is 
midway ( i n  u ' s )  between t h e  average b r i g h t n e a r  of the two f i e l d s  on e i t h e r  
r i d e .  Af t e r  t h e  bo rde r r  are loca ted  using t h i r  c r i t e r i o n ,  t h e  f i e l d  i n t e r i o r s  
u y  be r e c l a s s i f i e d  using the  c l a s s i f i c a t i o n  l i m i t 8  as determined from t h e  
t r a i n i n g  ramplea. 
EFFECTS OF WISRECISTIUTIOK 
I n  p repa ro t ion  f o r  c r t i w t i o n  of t h e  m i s r e g i r t r a t i o n  e f f e c t s ,  an  nel lysis 
w i l l  f i r r t  be made of t h e  t x p e c t c t i o n r  of  r e g i r t c r e d  d a t a  and t h e  8 e n s i t i v i t y  
t o  t h e  va r ious  parameterr  estimattd. The r t a r t i n g  model urcd ha.? r e c t a n g u l a r  
f i e l d s  a l igned  wi th  t h e  p i x e l  g r i d .  P i x e l 8  arc grouped i n t o  f o u r  tones :  1) 
I n t e r i o r  ( i ) - tho re  with c e n t e r r  2 o r  more p i x e l 8  i n r i d e  b o r d e r s ,  2)  Inne 
border  ( i b ) - p i x e l s  w i t h  c e n t e r s  1-1/2 p i x e l  i n r i d e  b o r d e r i ,  3)  Outer border  
(ob)-pixels with c e n t e r r  1 / 2  p i x e l  i n s i d e  bordero,  4) E x t e r i o r  border  
(xb)-pixels  ouP8ide the b o r d e r r ,  w i th  c e n t e r s  1 / 2  p i x e l  o u t r i d e .  Ls t imr te r  of 
c l a s s i f i c a t i o n  accuracy f o r  each tone are obtained from Figure S-7. T!le t o t a l  
e r t i m a t c  of c l a s s i f i c a t i o r !  accuracy i o  t h e  rum of p i x e l 8  i n  ?ach burre 
m u l t i p l i e d  by t h e  correrponding zone accuracy e r t i ~ t e .  Late-, t h e  f i e l d  w i l l  
be m i r r e g i r t e r e d ,  changer i n  t h e  number of p i x e l 8  i n  each tone cr lcu;oted,  and 
t h e  p r o b a b i l i t i e r  aga in  8ummed. The fol lowing parameter8 are r equ i r ed :  
r - t h e  f i e l d  8hape r a t i o ,  l eng th  of long r i d e / l e n g t h  of r h o r t  r ide  
T - t r a c r i e n t  b r i g h t n e a r  d i f f e r e n c e  between f i e l d  being considered 
and i t s  neighbor 
S - d e c i r i o n  c l a r r  r i t e  
r - t r a n s i e n t  d i r t r n c e  f o r  102 t o  90% r t rponce  - class r i te  s/a of Gau8ri.m noiee 
The f o l l o v i n g  g loba l  v a l u e s  $ e r e c t e d  f o r  t h e  parameters a r e  considered t o  be 
r e p r e s e n t a t i v e :  
r . =  2 
TJS 1 t o  5 
T = 1.5 p i x e l s  
p = 3 t o 5  
After t h e  parameters r ,  T/S, T , and (3 a r e  s e l e c t e d ,  t h e  r e s u l t a n t  (from 
Fig. S-7) p r o b a b i l i t i e r  a r e  s u b r t i t u t e d  f u r  t h e  b r i g h t n e s s e r  i n  t h e  va r ious  
tones t o  produce a "p robab i l i t y  image" a l igned  w i t h  t h e  d e s i r e d  output  p i x e l  
g r id .  The p r o b a b i l i t y  ass igned t o  A p i x e l  a t  a given l o c a t i o n  r*presents  t he  
p r o b a b i l i t y  t h a t  t h a r  p i x e l  will bave a b r i g h t n e s s  f a l l i n g  v i t h i n  t h e  
c l a s s i f i c a t i o n  l i m i t  determined by t h e  c l a s s i f i e r ,  f o r  t h e  given s p e c t r a l  
band. The t o t a l  probabi l i ty  of cor rec t  c l a r r i f i c a t i o n  i r  given by 
T/ S 
1 
2 
where n l  i r  t k  f i e l d  width ( rhor t  8 i d e )  i n  pixel,,  8nd n ib ,  nOb, 
%b a re  the number of pixel,  i n  the var:ou, roner. Uiing there values ,  the  
alobal  er t imata  oi ' t h e  probabi l i ty  0: correc t  c l a r r i f i c a t i o n  w i t h  no 
a i r n g i r t r r t i o n  i r  given f igu re  8-8 fo r  three valuer d T/S.  The predominant 
e f f e c t  i r  the p ixe l  mixture ( the e f f e c t  of T / S ) .  Ae expected, ?hie  i r  Worst 
f o r  rmll  f i e l d e  ( n l  m a l l )  brc8ure of the l a rge r  ; xccn tcgc  of border 
p ixe l r  f o r  there field, .  Note chat fo r  T/S 1, dec i r ion  l e b e l  midvay beiveen 
br ightner rcr  of 8djacent f i e l d r ,  no probabi l i ty  1088 occurr ,  even w i t h  rmsll 
f ic l f i s .  Unfoxtunately, t h i n  de r i r&ble  condition cannot be ryrtema'ically 
obtained. 
r j  f -  1 T -  1.5 T -  2 
3 10 14 20 
5 .02 -025 e 0 7  
7 0 01 .04 
3 0 0 0 
5 0 0 0 
HIW&GISTRATION OF CONGRUENT FIELDS 
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The i n i t i a l  model for i i r r e b l s t r r t i o n  i r  a dirplaccment of d pixele ,  eq-el 
i n  both x and y.  The r e r u l t  of t h i s  mieregis t ra t ion ir t h a t  aome Ares !s lost 
from the external  border,  causing b f.. ther  c l a s s i f i c a t i o n  accc;  cy decrease. 
The misregis t ra t ioa  lo s s  as acen by the external  border 108s is given by 
0 0 0 
The basic  character  of t h i s  mitiregistratinn lo s s  term i s  l / n l ,  80 t ha t  i t  
w i l l  have a rlope approximately equal LO -1 on a log-log ; lot  v s  nl. The 
precise  r e su l t s  depend c r i t k a l l y  on the v i lues  of pxb estimated for the 
p b  from Figure S-7: 
Ueing rheae values,  the l o s s  A P  due t o  displacement n i r r e g i a t s a t i o n  it 
plot ted ir, Figure S-9 for  various parameter combinations. 
HISRECISTRATIOC DUE TO NON-CONGRUENCE 
1.) SLZE A!!D UTI0 (ASPECT) CHANCES 
S i t e  and aspect r a t i o  changes can come about from reveral  c - "  c :  such as  
#can v t l o c i t y  or a l t i t u d e  changes, and if uncobpensated can caubc addi t iona l  
mirreqi r t ra t ion  e r ror r .  Progrerrivc u r - e g i r t r r t i o n  from a point of accurate 
r e g i r t r a t i o n  w i l l  be caured by both caurcr (Figure S-10.); the  modeling of 
Chi8 e f fec t  conriders f i r s t  t h a t  s i t e  ChAnge8 N = n ' h  w i l l  caure 8 8 h i f t  i n  
points ii to  points  n' both ve r t i ca l ly  and horizontal ly ,  and then t h a t  changer 
i n  a r p t c t  r a t i o  w i l l  cause fu r the r  8h i f t8  i n  the horizontal  pos i t ion  of 
ver t i ca l  border8 by char@iag the  f i e l d  rbapt ratior by thc  f ac to r  R - r ' f r -  
Ihc rerultiw e h i f t r  art: 
For m a l y s i r ,  t h i r  r h i f t  vi11 be divided around the border8 mymetr ical ly  A S  
optimum f h l d  re&ir t ;a t ion  i r  8CC0mp1irhcd (Figure S-lob). ?bo cares mrt be 
distiz~&uirhed (using scan veloci ty  as a rurrogate cau r t )  : 
Cart I: A slow 8:n deCre88e8 p ixe l  rpaciag and put8 lore p ixe l s  i n t o  a 
given f i e ld .  When these a r t  placed i n t o  the output g r i d ,  the f i e l d  appears 
rtretchcd. lhe f i e l d  as deiined by the o ther  (cor rec t )  bands n w  covers only 
part of the  s t re tched f i e l d ,  80 th8 t  the  c l a s s i f i c a t i o n  tends t o  see only 
i n t e r i o r  p i x t l r ,  8nd the  accuracy W i l l  i nc r t a re ,  u l t im8t t ly  re8ching the  
f ie ld- in te r ior  accuracy. The rites of the  border errors are: 
Case XI: A fast  wen has the epposite e f f e c t s  causing the f i e l d  t o  appear 
r - l ler  and the ana lys i s  p ixe l s  defined by the o ther  bands now include more 
ex te r io r  pixels .  The c l i s r i f i c a t i o n  accur8cp W i l l  decrtaoa. 
For f a s t  #can, the 8Udler apparent f i e l d  covera 8n area exprerred a s  a 
f rac t ion  f i  of the  total-  
(Interior) 
I f i  = 2 
1 fxb = 
'5 
Frac:io?al Area6: 
2Nn1 + 2NRnlr + 4 (External Border) 
Tke t o t a l  c;pected probabi l i ty  is 
Since t h e  external  border p ixe ls  a r e  now included v i t h i n  the analyzed 
f i e l d ,  but with 8 l o w  p robabi l i ty ,  the f r ac t iona l  a rea  RN2 i ep tesents  
approximately the f rac t ion  of the bar ic  f i e ld - in t e r io r  accuracy eo be 
expected. Since the t o t a l  r i t e  sbrinkage ( i n  pixels! i s  rma f o r  small "1, 
only la rger  n i  need be considered, R t h e  l/nf term may be dropped. 
3RIGINAL PAGE IS 
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Thir allour P t o t  t o  be approximated for r 9 2 by: 
Tor h r g e  fieldr, the probability in men t o  be independent of f ie ld  8isc. and 
only weakly dependent (because of lov prb) for -11 rhea. 
For single-band analyrir, uith borderr dirtortad ao that there are pixels 
both inride and outride of the analyted area, @om pixel# will have iocrcared 
probabilities of correct clarrificatior. and row will have lcrr. The decrease 
in probability across border ir (very) approximately linear, ao that the 
bigntd) average disphcc~ent will rodel the tf fcct. 
For multi-band ana;ysir, Chore pixels having a lw probability of 
clacsification will have Che largest effect 48 the net probability at each 
pixel location i s  the product of the probabilities obtained for tach 
acquiritioa (band). In Chi8 caae the -6 diaplacement will produce a better 
d e ) .  of the efsccte. 
SOHE OBSERVATLOSS 
I .  Oh BASIC CLASSXFICATIOK 
o The total noire figure (compcred t o  the  class rite i n  a given 
dete.mination) cnntrolc 6 , and in turn controls the MximUm 
attainable classification accbracy. However, for practica; range of 
3\13 7, increasing has only a axlerate effect. 
o Because of this, if mall  fields are mort important, the reflected 
energy might be aore profitably divided into rmaller pixels, eveil 
at  the expense of N E S C  . As Chi8 will cause an increase in d a t a  
rate, optimum coding phould be investigated. The posrible noise 
introduced in reconrtructing the data will cause rcwe further 
decrease in the overall eifective N L . 7 3  and Po decrearts 6 . But 
since thtre is rmalier rencitivity to $ than to l/n1, there rhould 
be a net  gain in utility. 
o Increasing t h e  number ot bits of qu8ntitotion produces improvements 
which asymptot~cslly approaih zero, as each eucceasive bi: reduces 
the  step rite by a factor of 112. 
o A rcene having a8 little as 2% variation is 3 very uniform rcene. 
Since this noire ir mr'd with the sensor noire, f c  will overvhelm 
any but a very noisy rensor. Therefore, for purposes of 
multi-spectral clrrcification, an extreme number of bits would seem 
t o  be unnecerrary. 
11. ON UX;E EFFECTS 
o For accurate field rire estimation, the decision brightntrr must be 
hr1fv.y between the brighnesrer of the field8 on either ride of a 
g i v e n  boundaiy. This means that clFsrifiers sei for material 
identificaticn will in general produce errors in fiilid rite. Eut the 
4 :; ORIGINAL PAGE \S 
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f i e l d - i n t e r i o r  b r i i h t n e 8 8  i a  i n c r e a r i n g l y  hard to  e0t - t~  for -11 
f ie ld8 becau8e of the fever inter ior  pirela. 
0 It i r  m r t a o t  t o  keep the traorient maponre dimtmnce and the 
accompanying mmple  a p a c i w  -11, t o  g e t  u n y  p i x e l 8  i n t o  a given 
ground d i r t a n c e  a8 pO88lble- F i e ld  area errors become l a r g e  a t  n1 
* 5 or l o r .  me traaritnt distance muat ala0 be u t c h e d  between 
a p e c t r a l  bawls. 
111. 02l WISREGISTRATION 
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For l a r g e  T/S (i-e.,  2 or more) t h e  edge e f f e c t s  are 80 g r e a t  t hac  
t h e  b8re p r o b a b i l i t y  i s  d r a s t i c a l l y  a f f e c t e d ,  and t h e  e x t e r n a l  bo rde r  
p i x e l 6  have ze ro  p r o b a b i l i t y  of b c i e  w i t h i n  the  c l a s s  l i m i t s .  For 
t h i s  reason, t h e r e  is no P i s r e g i r t r a t i o n  e f f e c t  f o r  l a r g e  T I S .  
Square f i e l d s  ahou t h e  most a i s r c g i s t r a t i o n  loss, when ecaled t o  
n1 
A shape r a t i o  r=2 is be l i eved  to  be r e p r e s e n t a t i v e .  
W i r r e g i s t r a t i o n  108s d e c r e a r e s  w i t h  h ighe r  f? . However, t hese  l O S 6 e S  
i n  gene ra l  are 8mc'l t o  begin w i t h ,  8nd t h e  d i r c u s s i o n  c a l l i n g  f o r  
r a c r i f i c e  of P t o  g a i n  smaller IFCV (more p i x e l 6  n1 i n t o  A g iven  
f i e l d )  would reem t o  ove r r ide .  
Inc rease  i n  T decreabes t h e  b a s i c  accuracy of edge p i x e l s  and also  
i nc reaces  t h e  m i s r e g i s t r 0 t i o n  ~ o r s e o .  
Geometric r e c t i f i c a t i o n  and r e g i 8 t r a t i o n  procedure6 muat not only 
icmove t h e  i n t e r n a l  d i s t o r t i o n s  bu t  must also produce p i x e l s  on a 
def ined  ( p r e f e r a b l y  ground-referenced) g r i d .  Current  procedures do  
not  do  t h i s .  Without t h i s  r e fe rence  g r i d ,  u8ers w i l l  have t o  
r e - i n t e r p o l a t e  b e f o r e  multi-temporal d a t a  can be compared. 
Scale  and aspect r a t i o  e r r o r s  w i l l  have ocly minor e f f e c t s  cn 
mcderate-are8 problems, b u t  they w i l l  cause problems i n  c o r r e l a t i n g  
over  l a r g e  d i r t a n c e s .  
A l t i t u d e  r e l i e f  dlSp18Cement w i l l  r z q u i r e  u s e r s  t o  use many c o n t r o l  
p o i n t s  t o  r e g i s t e r  imager i n  areas of high r e l i e f .  
Unless s tandard r e f e r e n c e  g r i d s  a r e  e s t ab1 i8hedB u r e r s  r e q u i r i n g  
r e g i s t r a t i o n  w i l l  have t o  i n t e r p o l a t e  every image, even i n  lov  re l ie f  
areas. 
For single-band a n a l y s i s ,  t h e  a l g e b r e i c  average oi t h e  displacement 
may be used. For multi-band a n a l y s i s ,  w i t h  e r r a t i c  e r r o r s  i n  
l o c a t i o n  among t h e  bands, t h e  l o v e s t  p r o b a b i l i t y  of c o r r e c t  
c l a s s i f i c a t i o n  h o l d s  and the nns of t he  displacements  18 appropr i a t e .  
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>ir report model8 the potential miaregirtration effects on rultiapectral 
:la~rification accuracy. Xt m y  allw the compariaon of the rariour testa and 
ainul~tionr, and point, out the oarirbltr which m a t  be reported for those 
mimlrtionr to rllw their rrlidrtion. It doer not anmer the follwing 
quertion: Given a certain 1088 in accuracy due to rirrt~istration, how does 
that damale the ability to uae the drt8 analyrir rrrultr? There evalu8tions 
will be dircipline dependtat, and m w t  be .ought rep&r&tely. 
Friedman, H e @ .  ,1a65& the Expected Error in the Probability of 
~isclaresfic~tioa,  roc ILEL Vol 53. P- 658. 
bixron, M., Scholz:, De, Fuhr, N., Akiyama, T., Gvalu8Lion of Several 
Schemes far Clarrif ication of Rcmcttly Senred Data, Photogrammetric 
Engineering and Remote Scnoing, Vol 46 f 12, Dec 1983, pp 1547-1553. 
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Figure S-l Effect of !?alae on the Probability of Correct Multi- 
rpeccr.1 Clur i f l ca t ion  
0.1 1 -0 10 
6 = CLASS SlZUrms NOISE 
figurr S - i  C i u a  a Signal Uniformly Probable over the Dyauic Range, and 
C8ursim Noire v i t h  rt8ndard Deviation 0 0 . The curve shows 
the Probability of Correctly Recognitinp a class corresponding 
t o  the Nolit-fret Signal a8 a ?u;ictlrm of the Ratio 
9 -  class size / a  
. .  
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?lgure S-4 Lors In C l u a i f i c a t i m  Accuracy d w  to  Noime 
4 2 3  
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Figure S-6 i h a  d h t r t b u t i o n  of 'field' pixel6 m v e s  down t h e  tranmitlon 
c w c  a6 the measurement p o i n t  mover toward the boundary. 
The shaded .rea i r  t!-a proportion which will ba correctly 
ClAB6ffieb. 
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Put& CENTER DISTANCE FltOM BORDER - PIXELS 
r= 1.0 
5-r 1.5 
f =  2.0 
Figurn S-1 Combined Curves for Tranrlatlon of P i x e l  Mat8nce from 
Border t o  S h i f t  i n  the Brlghtncer (Scaled i n  Unite of C l - s  
S izr ,  S ) to  Probability of Correct Classification. 
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?igure s-8 Probability of Correct Class i f icat ion using Global 
Parametera, for  Perfect ly  Registered Pixels .  
One Spectral Band Only. 
/REGISTRATION POINT 
0. GENERAL CASE 
CENTERED 
REGISTRAT ION 
b. BESl REGISTRATION C A S E  
(NO TRANUATION DISPLACEMEM) 
Figure S-10 Construction for  Estimating Misreg i s tra t ia  Caused 
By Size and Aspect Errors. 
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Figure S-9 Loss of C l a s s l f l c a t l o n  
'Accuracy due to ~lsre~lsttatlon of 
One Band,  for Various Parameter Com- 
bina t ions. 
/3 - Char r i t e /  u of noire 
Y - F i e l d  Shape Ratio,  loap/short s ides  
T - 10-9Ox t rans ient  d is tance  
n1 - length of ahort r i d e ,  pixels 
A P  - loss i n  probabi l i ty  d - displacement, p i x e l 6  
d. 5 AUT ObATEI) SATELLITE SYSTEX * 
Alden P .  Co lvocores ses  
U.S. G e o l o g i c a l  h r v e y  
I r a t i o n a l  C e n t e r ,  Yai l  S t o p  ! i j23  
Xeston, V i r g i n i a  22092 
Xhs  t r a c  t 
Throughout t h e  worl?. t o p o g r a p h i c  maps are cnmpiled by manually o p e r a t e d  
s t e r e o p l o t t e r s  t h a t  r e c r e a t e  +,he geometry of two wide-angle o v e r l a p p i n g  
s t e r e o  frame photographs.  Cont inuous imaging systems such  as s t r i p  
cameras, e l e c t r o - o p t i c a l  s c a m e r s ,  o r  l i n e a r  arrays of d e t e c t o r s  (push 
brooms) c a n  a l sc  create s t e r e o  coverage f r 3 m  which, in t h e o r y ,  topography 
can be compiled. However, t h e  F n s t a b i l i L y  of an a i r c r a f t  i n  t h e  a t n o s p h e r e  
makes t h i s  approach i m p r a c t i c a l .  The ben ign  environment  of space  permits 
a s a t e l l i t e  t o  o r b i t  t h e  Ea t h  v i t h  very h i g h  s t a b i l i t y  IS l ong  as 
no l o c a l  p e r t u r b i i g  f o r c e s  are  involved.  S o l i d - s t a t e  l i n e a r - a r r a y  : :Trsors 
have no moving parts and create no p e r t u r b i n g  f o r c e  on t n e  s a t e l l i t e .  
D i g i t a l  d a t a  f rcm h i g h l y  s t a b i l i z e d  s t e r e o  l i n e a r  a r r a y s  are  auenab le  
t o  s i m p l i f i e c  p r o c e s s i n g  t o  produce both plariimetric imagery and e l e v a t i o n  
d a t a .  A sa te l l i t e ,  cal led Xapsat, i n c l u d i n g  t h i s  concep t  h a s  been 
proposed t o  accomplish automated mappiqg i n  n e a r  real  t ice.  Inage  
mps as l a r g e  as L:50,000 scale w i t h  c o n t o u r s  as close as  2 0 3  i n t e r v a l  
nay be produced from Y a p s a t  da t a .  
Background 
Tha geometry of s t e r e o  napping photographs,  whether  t a k e n  from a i r c r 3 f t  
o r  s a t e l f : - t e ,  i s  v e l 1  known and documented. Transforming such Fhotographs 
i n t o  topograph ic  maps i s  a r e l a t i v e l y  slow and e x p e n s i v e  p r o c e s s  t h a t  
f o r  many cr’.tical s t e p s  d e f i e s  automation.  Compared t o  a n  a i r c r a f t ,  a 
s a t e l l i t e  o i f e r s  t h e  unique aGTantages of nuch g r e a t e r  s t a b i l i t y  and 
u i i i f o m  v e l o c i t y .  
U t i l i z i n g  t h e s e  advan tages ,  a s e n s i n g  system i n  space can now prov lde  
imagery of  napping q u a l i t y ,  even chough a c o c t i n u o u s  e l e c t r o - o p t i c a l  
imaging system i s  used ; [S tead  of  a mapping cameri v i t h  i t s  i z h e r e n t  
h i d h  geomet r i c  f i d e l i t y .  The n e x t  yene2ration of space  s e c s o r s  xi11 
i n c h i d e  s o l i d - s t a t e  l i n e a r  a r r a y s  ( f i g .  1) t h a t  i n v o l v e  no moving 
parts. Sy continuous imaging w i t h  ve ry  h i g h  g e o d e c r i c  f i d e l i t y  :hey 
v i 1 1  perzdt, a t  least  i n  par t ,  t h e  automated ma?ping of ?he Earth 
from space i n  t h r e e  a3 w e l l  as t v c  dimensions.  
between :onvent ional  ana c o n t i n u o u s  s t e r e o  rcethods is i l l u s t r a t e d  
by f i s t -  2 .  
The f u n d m e n t a l  a i f f e r e n c e  
* .i?;roved f o r  p u b l i c a t i o n  by Zireccar ,  L.S.G.S. 
A t  least  f o u r  papers  have been p u b l i s h e d  t h a t  re la te  d1rcc:ly t o  a u t o u a t e d  
three-dimensional  mapping. 
ma,surements c o u l d  be made w i t h  a s t e r e o s c o p i c  c o n t i n u o u s s t r i p  camera. 
The geometry of such  a s t r i p  camera and s t e r e o  l i r a a r  arrays is  basiLally 
t h e  same. In 1962, Elms ( 2 )  e l a b o r a t e d  on t h e  s t r i p  camera concept  
and  i n d i c a t e d  i t s  advaa tages  o v e r  frame cameras as a p o s s i b l e  component 
of a n  automa:ed u p p i n g  system. I n  1972, Helava and Chapel le  ( 3 )  d e s c r i b e d  
t h e  developmeat of i n s t n x r m n r a t l o n  by whtch a c o n v e n t i o q a l  stereomode?. 
c a n  b e  scanned u s i n g  the e p i p o l a r - p l a n e *  p r i n c i p l e ,  and t h u s  reducing  
image c o r r e i a t l o n  from a two-dimensional t o  a b s s i c a l k  cne-diacnsfenal 
task. 
In 1952, Kacz (1) showed how h e i g h t  
' i n  -1975 Scar;lio and- E f & ~ ~ ~ ~ " i G ) " d e s c r i b c d  tlie automated s te rko-mapper  
AS-11B-X which u t i l i z e s  t h e  ep ipolar -scan  concept  and one-dimensional 
d i g i t a l  image c o r r e l a t i o n  d e s c r i b e d  by Helava and Chapel le .  Thus t h e  
concept  of reducing  photogranmotr ic  d a t a  s t e r o  c o r r e l a t i o n  - ron -0 
t o  one d i a e n s i o n  i s  w e l l  e s t a b l i s h e d .  The c i t e d  l i t e r a t u r e ,  however 
does not  d e s c r i b e  t h e  p o s s i b i l i c y  of imaging t h e  E a r t h  d i r e c t l y  i n  
s t e r e o s c o p i c  d i g i t a l  form s u i t a b l e  f o r  oae-dimensional processi.ig. 
Beginning in 1977 a s e r i o u s  e f f o r t  t o  d e f i n e  a s t e r e o  s a t e l l i t e  C r  
S c e r e o s a t  ( 5 )  w a p  vnder taken  by NASA. The St2:eosat concept  ca l l s  f o r  
l i n e a r - a r r a y  sensa..s, l o o k i n g  f o r e ,  v e r t i c a l  and a f t ,  but  its p r i n c i p a l  
o b j e c t i v e  is t o  provide  a s t e r e o s c o p i c  view of t h e  E a r t h  r a t h e r  than  
t o  map i t  in automated sode. There ... 2 other ways of o b t a i n i n g  stereo 
imagery w i t h  l i n e a r  a r r a y s .  
l e f t  or r i g h t  of t h e  t r a c k  and t h u s  a c h i e v e s  s t e r e o  by combining imasery 
from nearby p a s s e s  02 t h e  t n e  s a t e l l i t e .  NASA's M u l t i s p e c t r a l  L i n c a r  
Array (&"ax) concept  ( 7 ) ,  as so f a r  d*flned,  c a l l s  fo, fo re  and a f t  
looks through t h e  same se t  of o p t i c s  by use  of a r o t a t i n g  mirror. 
However, n e i t h e r  t h e  SPOT nor NASA's ?ILA approach are c o n s i d e r e d  
optimum f o r  s t e r e o  mapping of t h e  EaLth, as n e i t h e r  is  designed t o  
a c q u i r e  data in cont inuous  for:. 
The French SPOT ( 6 )  sa t e l l i t e  can look 
Hansat Geometric Concent 
Linear  a r r a y s  r e p r e s e n t  a r e l a t i v e l y  new remote sensing concept. Five 
papers  or. t h i s  c u b j e c t  were p r e s e n t e d  a t  t h e  ASP/ACSM a a n u a l  convent ion  
d u r i n g  U t c h  1978 (8 ,9 ,LO, l l , i2 ) .  These papers  c o n c e n t r a t e d  on d e c e c t o r  
---- 
*An e p i p a l a r  p lane  is d e f i n e d  by two a i r  a r  s p a c e  exposure  (Imaging) 
s t a t i o n s  acd  one ? o i l &  on the  graund. 
rechaology and c5e a p p l i c a t i o n  of : inear  array s e n s o r s  i n  a vertical 
imaging mode. 
i n  s:ereo nod,, .!:though h i s  e r i o r  a n a l y s i s  € o r  such  a system i s  based o n  
measurements made i ron  images rather t h a n  computat ions based on t h e  d i g i t a . 1  
data, 
Xq'sh (13) rece:-tiy j e s c r i b e d  t h e  geometry of l i n e a r  a r r a y s  
3y combining. --he technolog?  of l i n e a r  a r r a y s ,  Lhe concept  of ep ipolar -  
p lane  scanqing,  and  t h e  e x p e r l . n c e  ga ined  from ' a n d s a t  and o t h e r  space  
s e a s i n g  s y s t e m ,  Ziapsat vas d e i i n e d  (141, and i t s  proposed parameters  are 
l i s ted  i n  Table  1. The ! b p s a t  concept  was t h e  work of several i n d i v i d u a l s ,  
b u t  perhaps t h e  s i n g l e  P o s t  i w o r t a t  c o n t r i b u t i o n  was t h a t  of Donald L i g h t  
( v e r b a l  cornmnicz'ion), then  of t h e  i lefense !!apping Agency, ;rho f i r s t  
sugges ted  t h a t  epipolar piaoes, as d e s c r i b e d  by Helav-a ( 3 )  and used i n  t h e  
AS-113-X p l o t t e r ,  cou1.1 he achieve:! d i r e c r l y  from space  and t L t  tooographi r  
data might t h a n  be e x t r a c t e d  i n  real t h e .  There are s e v e r a l  f e a s i b l e  
c o n f i g u r a t i o n s  by which lir?ear a r r a y  s e n s o r s  can  c o n t i n u o u s l y  a c q u i r e  s t e r e o  
da ta .  I t  vias decided tnat t h e  syccen  mst p e n i t  s e l e c t i o n  from the t h r e e  
s ? e c c r a l  Dands, p r a v l i e  fc: two jase-co-heigh: r a i i o s  of 3.5 znd l . 2  and 
be compatible  w i t h  t h e  e ; i p d , .  concepz. F i g u r e  3 i l l u s t r a t e s  t h e  
c o n f i g u r a t i o n  selected t o  wxnnxplistt t h e  s t e r e o s c o p i c  as w e l l  as nonoscopic  
func t ions .  
Acquiring s t e r e o  d a t a  of tcte E a r t h  i n  e p i p o l a r  f o r a  d i r e c t l y  from space is  
t h e  i u n d a a e n t a l  geome:ric concegt  of Y a F s a t .  
shown i n  F igure  A japlies that f ivs .  points--the observed ground p o i n t  i?, 
t h e  t%o axposure s t a t i o n s  S and S . and t h e  two image d e t e c t o r s  f and a --lie 
i n  a s i n g l ;  plane.  1 -  c h i s  e p i p o l a r  c o n d i t i o n  is  a a i n t a i n e d  as t h e  sato, l l i re  
naves a long  i t s  o r b i t .  every p o i n t  P observed by d e t e c t o r  F i n  t h e  forward 
l o o k i a g  a r r a y  i d i l l  a l so  be observed subsequent ly  by d e t e c c o r  a i n  t h e  af: 
1ciokir.g i r r a y -  Thus i.mage c o r r e l a t i o n  can Se o h t a i n e d  bv aatzhinc,  
t h e  d a t a  s t ream fro5 de;lr:cJr f w i c h  t h a t  f r m  a --a one-dimensional 
c o r r e i a t i o n  scheze.  This  t i c s c r i p t i o n  a p p i i e s  e q u a l l y  t o  t h e  u s e  
of t h e  v e r t i c a l  iz i th  e i c h e r  t h e  f o r e - o r  a f t - l o o k i n g  a r r a y  but  i n v o l v e s  
a weaker (C.5) base-co-ixight r s - i o  than  t h e  d e s c r i b e d  us5 of t h e  f o r e  
and a f -  a r r a y s  (base-to-heigh.t racio of 1.0). I n  p r a c t i c e  the d a t a  s t reams 
f r o e  3orc than one d e t e c t o r  u a y  be involved  : ince t h e r e  w i l l  nona:. ly be some 
o f f s e t  i n  che ?at?. of a g iven  p a i r  of  d e t e c t o r s .  Xorecver under c e r t a i n  
condi:t,3ns, c o r ; e ? a ~ i o n  may Se inpnprJ-ie' by a l i z i i t s d  expansion of 
che c o r r e l a t i o n  fi lnccion to t x o  ainens'oi.;. 
The e p i F 3 1 s r  c o n d l t i m s  
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Because each d e t e c t o r  a r r a y  Is looking a t  a d i f f e r e n t  po r t ion  of t h e  
Ea r th  a t  any given tiw, Ear th  r o t a t i o n  complicates the  $pipolar  
condi t ion.  AB s h o w  In f l g u r e  5, this complicat ion can be overcome 
by c o n t r o l l i n g  the  spacec ra f t  ac t l t udc .  This d e s c r i p t i o n  is obviously 
s impl i f i ed ;  r u r t h e r  c o a p l i t a t i o a s  involve such f a c t o r s  as the  e l l i p s o i d a l  
shape of t he  Earth, v a r i a t i o n s  I n  t h e  o r b i t ,  spacec ra f t  s t a b i t i t y ,  
and even very l a r g e  e l e v a t i o n  d i f fe rences .  The spacec ra f t  posi:ion anc 
a t t i t u d e - m u s t  be precisely determined by s u c k  systems as the Global 
Pos i t ion ing  Svqtctm (CPS o r  NAVSTAB) and f requent  s te l lar  referencing.  
Sate1l:t-a a t t i - u d e  c o n t r o l  Involves  gyros and i n e r t i a l  wheels, and, 
when a sa te l l i t e  i s  f r e e  of pe r tu rb ing  f o r c e s  c r e a t e d  by moving ( ac tua ted )  
p a r t s ,  a t t i t u d e  can be a a i n t a i s g d  f o r  reesonable  periods t o  t he  arc-second. 
'Of course, '  t he  sens ing  system &t r e i a i n  p r e c i s e  geometric r e l a t ionsh i ;  
t o  t he  a t t i t u d e  c o n t r o l  system. Defining t h e  c o r r e c t  sa te l l i t e  a t t i t s d e  
and the  rates i n  yaw, p i t ch ,  and r o i l  t o  maintain the  ep ipo la r  condition 
.equi res  p rec i se  ma themr ica l  ana lvs i s .  T-co independent ana:vses, m e  
by Bowell of ITEX (15) and t h e  o the r  by Snyder (16) of 5.S. 
Geological  Survey, c o n f i n  \la?sat's geometric f e a s i b i i i t y ,  and a 
U.S. paten t  has been allowed on t h e  concept. T a b l e  2 i n d i c a t e s  t h e  
n a x l m m  dev ia t ions  fxom t h e  ep ipo la r  condi t ion  caused by t he  varicxrr, 
expected error sources.  
uh i sn  covers t h e  day l igh t  po r t ion  to which imagery is b a s i t a l l y  Limi ted .  
A t t i t ude  rate e r r o r s  vn>uld be cons iderable  i f  o z l y  cor rec t ed  once every 
50 minutes but ,  as t h e  t a b h  i n d i c a t e s ,  1S-minute i n t e r v a l s  based on 
s t z l l a r  re ference  reduce the e r r o r s  to a reasonable  amount. Ten-minutc 
*cellar re ferenc ing  us ing  s tsr  sensors as descr ibed by Junkins  e t  a i . ,  
( 1 7 1 ,  is cons lde re i  reasonable. Computer programs have been deveioped 
t h a t  r e s u l t  in the  ep ipo la r  plane condi t ion  being maintained 3s Long as  
adec7:ate positional and a t t i t u d e  r e fe rence  d a t a  a re  a v a i l a b l e  and proprlrlv 
ut i l ! te4.  Figure 6 i l l u s t r a t e s  the  s i m p l i c i t y  of e l eva t ion  de ts imlna t lon  
i n  an ep ipo la r  plane which is t h e  key element of Xapsst. 
This  table is based on a ha l f  o r 5 i t  <5tJ nlnucss)  
Obviously, t h e  !lapsat concept c a ~  be e f f e c t i v e l y  implemented only i f  
s t r i n g e n t  s p e c i f i c a t i o n s  regarding G r b i t ,  s t a b i l i t y ,  re fe rence ,  and senscir 
s!stems a' - m c t .  
t o  date, and each is considered t o  be wi th in  t h e  s ta te  of t he  a r t .  
T a b l e  3 l i s t s  the  Xapsat geotcetric requirements as defined 
Napping Accuracy 
By seetiag the  geometric requirements i nd ica t ed  and achieving stereo 
c o r r e l a t i o n ,  t h e  r e s u l t i n g  ms;. accuracy is compatible with s c a l e s  as  large 
as 1:50,000 and contaurs  as ,lase as 20 rn i n t e r v a l  based o n  U.S. Na'tional 
Yap Accuracy Standards.  Raference 15 covers  t h i s  a n a l y s i s  i n  some detai l . .  
Such accu rac i e s  r e s u l t  from t h e  ind ica t ed  deometric requirements and t h e  
fol lowing f a c t o r s :  
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Linear o x a y  detectors are p o s i t i o n e d  w i t h  sub-rnlcroa accuracy.  
O p t i c a l  d i s t o r t i o n  effects: when accounted  f a r  by c a i i b r a t i o n ,  
are n e g l i g i b l e .  
.o . Atmospheric r e f r a c t i o n ,  because  o€ t h e  s t e e p  loc?k a n g l e s ,  i s  of 
a very low o r d e r  and IQ reasonably  w e l l  known; a i r - t o - w a t e r  
r e f r a c t i o n  is also kn>wn where underwater  d e p t h  d e t e r m i n a t i o n  
is involved.. 
o Relative t iming ,  which is r e f e r e n c e d  t o  data a c q u i s i t i o n ,  is 
a c c u r a t e  t o  w i t h i n  t h e  microsecond. 
o D i g i t a l  s t e r e o  c o r r e l a t i o n ; .  where uniquely  achieved ,  p r o v f d e s  
ti;ree -dimensional - root+ean-square  (rms) p o s i t i o n a l  accuracy  
t o  wi th in  half t h e  p i x e l  dinension. 
These c o n s i d e r a t i o n s  r e s u l t  i n  r e l a t i v e  p o s i t i o n a l  e r r o r s  f o r  d e f i n e d  
p o i n t s  of only 6 t o  7m (rms) both  h o r i z o n t a l l y  and v e r t i c a l l y .  
v e r t i c a l  accuracy  r e q u i r e s  t h e  1.0 base-to-height r a t i o .  Such accuracy  i s  
adequate  f o r  t h e  mapping i n d i c a t e d  but  a s s u n e s  tha: c o n t r o l  is a v a i l a > l e  
f o r  r e f e r e n c e  t o  t h e  Earth's f i g u r e .  
a u t h o r  (191, c o n t r o l  p o i n t s  of 1,OUO b s p a c i n g  a l o e g  on o r b i t a l  p a t h  w i l l  
be adequate  f o r  such a purpose. Where 30 c o n t r o l  exis ts  t h e  a b s o l u t c  a c c u r a c y  
of the r e s u l t a n t  maps, w i t h  r e s p e c t  to t h e  E a r t h ' s  f i g u r e ,  may be l r ?  rus 
error by 50 t o  100 a a l t h o u g h  t h e i r  i n t e r n a l  ( r e l a t i v e )  accuracy  remains 
a t  t h e  6 t o  7 m rms level. 
This 
As i n d i c a t e d  by ITEK (15) and t h e  
S t e r e o c o r r e l a t i o n  
The d e t e r m i n c t i o n  of e l e v a t i o n s  from s t e r e o  d a t a  r e q u i r e s  t h e  
c o r r e l a t i o n  of t h e  spectral -esponse from t h e  sane poln;: 3r group of p o i n t s  
as recorded  from two d i f f e r e n t  p o s i t i o n s .  I n  the aer ia l  photography c a s e  
these two p o s i t i o n s  are t h e  camera s t a t i o n s ,  whereas w i t h  l i n e a r  arravs i n  
space t h e  tvo r e c o r d i a g  p o s i t i o n s  a r e  c o n s t a n t l y  moving w i t h  t h e  s a t e l l i t e .  
I n  t h e  photography case, c o r r e l a t i o n  i s  achieved  bv o t i e r t i n g  t h e  two 
photographs t o  model t h e  a c q u i s i t i o n  geometry. Once t h i s  i s  done, c o r r e l a t i c n  
can  be achieved bv t h e  human o p e r a t o r ,  or t h e  image s tereomodel  ?an De scanred  
a n i  c o r r e l a t e d  by automate; comparison of t h e  s i g n a l  p a t t e r n s  f r o m  the two 
photographs.  
G i d i t a l  data i n  e p i p o l a r  p lanes  from t h e  model. pn t h e o r y ,  e p i p o l a r  d a t a .  
should  be c o r r e l a t e d  much f a s t e r  t h a n  cha t  from a system t h a t  must 
s e a r c h  in two dimensions t o  e s t a b l i s h  c o r r e l a t i o n .  I n  p r a c t i z e ,  t h e  automated 
correlation or' d i g i t a l  d a t -  has been only p a r t i a l l y  s u c c e s s f u l ;  and, a s  Yahonev 
(18) h a s  r e c c n t l y  p o i n t e d  o u t ,  c o r r e l a t i o n  by e i t h e r  m n u a 1  "r automated svstems 
i s  s t i l l  a slaur and c o s t l y  process .  To dace,  no  one h a s  a c q u i r e d  o r l q i n a l  s e n s o r  
d a t a  in e p i p o l a r  t o m .  
X system such as the AS-11B-X ( 3 , 4 )  g e n e r a t e s  cne-dimensional 
.s, nc one can t ea i lp  say haw well such d a t a  can be 
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automat ica l ly  c o r r e l a t e d ,  u n t i l  a s a t e l l i t e  such as Haosat is flown. 
Simulat ion using d i g i t i z e d  aerial  photographs o r  lhear-array s te reo-sens ing  
of a terrain model are r e l evan t  experiments worth conducting. RDwever, they 
will provide only p a x t i a l  answers, s i n c e  the  degree af c o r r e l a t i o n  will depend 
on t h e  area involved. The c h a r a c t e r i s t i c s  of t he  E a r t h ' s  su r f ace ,  coupled 
wi th  r e l a t e d  cond l t i ans ,  such as t h e  atmosphere and Sun a n j l e s ,  are h ighly  
va r i ed ;  which me'ins t h a t  t he  degree of c o r r e l a t i o n  Vi11 a l s o  be highly  var ied.  
This problem does noc imply t h a t  t h e  ?lapsat concept has  not been va l ida ted .  
Having s t e r e o  data organized i n  lfnear d i g i t a l  form is of obvious advantage 
t o  create the  three-diuznsional model of t h e  E a r t h ' s  surface.  Xanv areas 
wi l l  c o r r e l a t e  i n  o n e - d i ~ e n s i o n a l  made, o t h e r s  will r e q u i r e  t w o d i n e n s i o n a l  
t reatment ,  and s t i l l  o t h e r  areas may mt  c o r r e l a t e  a t  a l l .  By properly 
de f in ing  t h e  s a t e l l i t e  parameters and da ta  processing,  t h e  c o r r e l a t i o n  
fuact lat  cam.ba.optimtzd and.'ra-ised ue lL  a h v e  that abcaicuble- from . 
wide-angle photography systems. For example, d i g i c a l  da t a  can t e a d f l v  be 
modulated t o  enhance c o n t r a s t  o r  edges t h a t  rcake up the  pa t r e rns  on whic5 
c o r r e l a t i o d  dapends. Photsgraphy can a l s o  3e nodulated,  but i c  fs f.?r Tore 
d i f f i c u l t  (and less e f f e c t i v e )  chan d i g i t a l - d a t a  modulation, as f i 1 . m  lacks 
t he  dynamic ranga and s e n s i L i v i t y  of s o l i d - s t a t e  de t ec to r s .  
acqu i r e  data in a n  optimum f o r a  f o r  automated c o r r e l a t i o n ,  vhich will expedi te  
t h e  precise d e t e d n a t i o n  of e l eva t ions  and c r e a t e  d i g i t a l  e l e v a t i o n  data 
that are becomlng a b a s ~ c  t c o l  f c r  many d i s c i p l i n e s .  
!lapsat will 
Acquis i t ion  !loJes and Products 
As previously descr ibed  i . 4 ) ,  ?lapsat is designed t o  be operated :n a 
v ide  v a r i e t y  of nodes. These i ac lude  v a r i a t i o n  i n  rcFo1ution (1S-n e l e n e n t s  
an up),  s p e c t r a l  bands, swath width,  and s t e r e o  modes. Such f l e x i b i l i t y  
pe&:s optimum data a c q u i s i t i o n  without exceeding a s p e c i f i e d  data- 
t ransmiss ion  rate that is now def ined  a t  48 megabits per second (>!b.'s>. 
The E a r t h ' s  su r f ace  is highly  var ied ,  and d a t a  product requirements 
are l ikewise  highly var ied.  BY varying the  a c q u i s i t i o n  modes and, i n  turn ,  
producing a v a r i e t y  of products ,  t h e  da t a  management problem beconer 
complicated as compared t o  e x i s t i n g  systems such as Landsat which produces 
only two  bas i c  types of data .  Houever, so lv ing  t h i s  Jara management problem 
is a small price t o  pay f o r  a system t h a t  can meet a wide v a r i e t y  of 
requirements LCsr remotely sensed da ta  of t h e  Earth. Ocly f o u r  Qrimary 
products  are ex-pecced from N a p s a t  as follows: 
Ca) R a r d a t a  d i g i t a l  tapes from vhich quick-lbok inages can be 
d isp layed  i n  near  real  time. 
(b) Processed d i g i t a l  image tapes c a l i b r a t e d  both r a d i o a e t r r z a l l y  
and deometr ica l ly  t o  a de f i r ed  n a p  projec t ion .  
cwo-dimensional (p l an ime t r i c )  but desc r ibe  :he EartF's radiance 
(br ightness!  i n  mu l t i spec t r a l  ~ J C I  A S  is now Jccomplished by 
Landsat !lul t i spect  r a l  Scanner tapes. 
Such da ta  w i l l  be 
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( c )  Processed d i g i t a l  tapes, aga in  c a l i b r a t e d  both r ad iomet r i ca l ly  
and geometr ica l ly ,  but  uhich now desc r ibe  the  E a r t h ' s  su r f ace  
i n  t h r e e  dimensions ( topographica l ly)  w i t h  an  a s s c c i a t e d  radiance 
value. Such tapes  are, i n  e f f e c t ,  digital e l e v a t i o n  d a t a  sets  of 
the E a r t h ' s  surface.. 
(d)  Standardized images, boch black-and-white and i n  c o l o r ,  which 
inc lude  geometric c o r r e c t i o n s  and rad iometr ic  enhancements. Such 
co r rec t ions  and eshancements vlLl be of recognized genera l  va lue  
and of a type  that can be p e r f o r w d  without undue de lay  or 
excess ive -cos t .  The images w o d d  also be of s tandard ized  scale. 
Era# these f e w  be ic  pFoductSw a.utda Y a t A e t g  of derivat ives  eaa be ma& w&iok 
inc lude  the  f ollowing: 
(a> Black-and-white ard nulcicf; ior image naps and mosaics 3t scsles 
as l a r g e  as i:5O,OOC, o r  even 1:25J0L7@ ( l : 2 4 , 0 1 3 )  where n a p  acc!ir3cv 
s tandards  are not  required.  
(b)  Thematic d i sp l ays  and maps involving such s u b j e c c s  as land cover 
and Land use  c l a s s i f i c a t i o q .  
(c?  ?laps which dep lc t  t h e  E a r t h ' s  topography bv such means as contours  
(as c l o s e  a s  20-01 i n t e r v a l ) ,  SloPdsJ e l e v a t i o n  zones, shaded r e l i e f ,  
and perspec t ive  d isp lay .  
Ccnclusion 
Napsat w i l l  not meet a l l  anticipated remote sens ing  requirements,  
and 1i will In  no way repiace tnose a i r - p h o t o  surve:is r equ i r e J  t o  meet 
napping requirements f o r  scales larger chart 1:50,000 and contour i n t e r v a l s  
of less than 20 m. What i t  w i l l  do, i s  provide a p rec i se  three-dimensional 
multispectral mcdel of che  Earth a t  reasonable resolutiC;t  and i n  digital 
form. ?!OPI?OVC~, t he  s a t e l l i t e  w i l l  record tb.e c'lanzing responses of t h e  
E a r t h ' s  s u r f a c e  as long as it  is i n  opera t ion .  
Y a p s a t  can be b u i l t  today a t  what Is considered L -  be a reasonable 
c o s t  (15) as i t  is based on a v a i l a b l a  componer,ts and technolog?.  \!oreover, 
i t  i s  designed f o r  s i m p l i f i e d  opera t ion  and da:a processing. Assuming t h a t  
a- opera t iona l  Earth-senslng system v i 1 1  be flown, s u r e l y  \lapsat is a 
deserving candida te  f o r  such a job. 
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4 . A +  
Hapsat Parameters 
o Orbit-Same as Landsat 1, 2 and 3 (919 km alt ' .  
o hnsor--Linear Array-Three o p t i c s  looking 23O forward, vertical 
and 230 aft. Three spectral bands: 
blue greea 0.67 - 0.57 urn 
red 0.57 - 0.70 urn 
near IR 0.76 - 1.04 um 
0 Svath--180 km or p o r t i o n  thereof. 
o Resolution-Variable-ilDavn to 10 a element. 
o Transmission-S (or XI band, compatible w i t n  'Landsat receivers 
5ut with rates UQ t o  48 Xb,'s. 
o Processing-One dimensional, including s t e r e o .  
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Hapset Geometric Requ1remr.t. -9 
o Posi t ional  Determination of Satellite-10 t o  20 & i n  
all mree axes. 
o . P o i n t i n g  Accuracy-Uithin- 2 /  0.1 of vertical. 
- 1/ rms (kj - 21 very high probabi l i ty  (3s) 
Table 3 
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8.6 Concept f o r  a M u l t i p l e  r t e r o l u t i o n  ~ushbroom Sensor 
Fred  C. B A l l i n g S h y  
Jet P r o p u l s i a n  Laboratory, C a l i f o r n i a  I n s t i t u t e  of Technology 
Pasadena ,  C a l i f o r n i a  91109 
Abztract 
A g e n e r a l  pu rpose  "pushbroom" s e n s o r  w i l l  have p a r a m e t e r s  de t e rmined  by t h e  needs  of t h e  
ma jDr i ty  o f  p o t e n t i a l  u s e r s .  The re  p a r a m e t e r s  may n o t  s a t i s f y  t h e  i c e d s  o f  c e r t a i n  use r - s :  
A g r i c u l t u r e  r e q u i r e s  a v e r y  s h o r t  r e t u r n  v i s i t  i n t e r v a l ;  c a r t o g r a p h y  r e q u i r e s  a v e r y  small 
p i x e l  s ize ;  Land Use and Geology would be s a t i s f i e d  w i t h  modera t e  r e s o l u t i o n  and s e a s o n a l  
r e t u r n  times. The a g g r e g a t e  s o l u t i o n  of t h e s e  needs  would p roduce  a s e n s o r  w i t h  e x t r e m e l y  
h i g h  d a t a  rates. A sensox c o n c e p t  is  proposed which  may meet the combined need% w i t h o u t  
the extreme data rate. 
Coverage Requi rements  
The v a r i o u s  d i s c i p l i n e s  have e x p r e s s e d  r a n g i n g  from 5-dry r e p e a t  t o  s e m i -  
annua l  r e p e a t ,  f r m  5-meter t o  60-meter r e s o l u t i o n ,  v a r i o u s  s p e c t r a l  band combinations, ar.d 
r e a s o n a b l e  d a t a  r a t e s . 1  F o r t u n a t e l y ,  a l l  o f  t h e  r e q u e s t s  may n o t  need  t o  bc m e t  s i m u l t a n e -  
o u s l y .  The v a r i o u s  r e q u i r e m e n t s  seem t o  g roup  somewhat as f o l l o w s :  
A g r i c u l t u r e ;  R r v i s i t  i n t e r v a l  5-8 days  t o  p i c k  u p  emergence and  o t h e r  c r o p  c a l e n d a r -  
r e l a t e d  e v e n t s .  
S p a t i a l :  High r e s o l u t i o , i  (10-15 m?) t o  p i c k  up f i e l d  b o u n d c i e s ;  
Spectral: P r o p e r l y  p l a c e d  bands; 4 t o  6 p r o b a b l y  s u f f i c i e n t .  
coarser r e s o l u t i o n  would s u f f i c e  for f i e l d  i n t e r i o r s .  
Mapping : 
Geology : 
R e v i s i t  i n t e r v a l  nil t  critical; e v e n t u a l l y  need  comple t e  c l o u d - f r e e  
cove rage .  
S p a t i a l :  3-10 meter r e s o l u t i o n  needed f o r  1:21500 rnappinq. 
Spectral : The f i n e  r e s o i u t i o n  may be panchromct i c  or p r i n c i , w l  components. 
R e v i s i t  i n t e r v a l  s h o u l d  b2 s e a s o n a l  t o  p i c k  up  v a r i a t i o n s  i n d i z a t i v e  
of :he g e o ? c g i c  i c f o r m a t i o n  d e s i r e d .  
S p a t i a l :  No ha rd  r equ i r emen t :  15 meter i s  a l o g i c a l  n e x t  s t e p .  
Spectral:  Pe rhaps  7 ox so bands ,  p l a c e d  for s o i l s  and rock r e c o g n i t i o n .  
Bands p r o b a l l }  d 2 f f e r e n t  than a g r i c u l t u r e  bands .  
Lar.2 Use: R e v i s i t  i n t e r v a l  perha1.r; s e a s o n u l l y  or s e m i a n n u a l l y .  
S p a t i a l :  No ha rd  r e q u i r e m e n t ;  1 5  meter is a l o s i c a l  n e x t  stt??. 
S p e c t r a l :  So h a r d  r e q d i r c m e n t ;  band6 p l a c e d  f o r  o t h e r  p u r p o s e s  
may suf : ice .  
2-15 m UfSOLUlQR 
HMPINC. 
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As t h e r e  a r e  no f i r m  r e v i s i t  
r e q u i r e m e n t s  nor f i r d l  r e s o l u ? : o c  
r e q u i r e m e n t s ,  a g e n e r a l  pu rpose  
s e n w r  migh t  be d e s i g n e d  t o  have 
15-30 meter r e s o l u t i o n ,  sensoria: 
r e v i s i t  i n t e r v a l ,  0 - 7  s p c c t r a l  
bands .  T h i s  l e a v e s  t h e  a g r i c u l -  
t u r e  s h o r t  r e v i s i t  t i m e  and t h c  
mapping of t i n e  p i x e l s  a s  malo: 
" t a l l  p o l e s "  which a r e  n o t  s a t i s -  
fied. F i g u r e  1 i l l u s t r a t e s  t h c  
s i t u a t i o n .  
P i g u r c  1. Par'amcteLs of 8 Gc:1- 
e r a 1  F u r p o s e  Sensor W i l l  Leave 
thc: T a l l  Poles U n s a t i s f i e d .  
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S trawman So 1 ! a t  ion 
A cornprom-re s e n s o r  c o n c e p t  is proparad bamed on tho p r o p c ~ s i t i o n  t h a t  411 t a l l  p o l e  p w a -  
meters need  n a t  he met s i m u l t a n e o u s l y .  S p e c i f i c a l l y ,  i f  r o v i s i t  t i m e  c a n  be t r a d o d  a g a i n s t  
r e s o l u t i o n  ( s h o r t  r o v i s . r t  t ian w i t h  low r e s o l u t i o n  and long  r e v i a i t  timo w i t h  h i g h  rorolu- 
t i o n ) ,  the data rate and  q u a n t i t y  can bo k e p t  w i t h i n  bounds. Spactral ro loc t ion  vi11 bc 
h a n d l e d  u s i n g  tho imaging spectramtor tochniquo.2.~ 
The r e v i s i t  t u n e  sets the baric parmutors: 
I 40,000 (km, o a r t h  c i r c u m f e r o n c e )  
E q u a t o r i a l  S p a c i n g  (km, - S! Number of swath8 required to cover 
d a y s  2 780 R = ks i s i t  I n t e r v a l  - Swath8 x 100 minu tes / rwa th  (approx.1 - k3. Spacing, km 
This g i v e s .  for various i r . t o r v a l s :  
Annual R - 360 s -  8 
Semiannual  180 16 
S e a s o n a l  90 32 
Nonthly  30 96 
Woekly 7 4 1 1  
a t i o n s  i n  o r b i t ,  o t c .  C o n s i d e r i n g  t h e  p o t e n t i a l  f o r  orbst control, r e t  the w a t t  w i d t h ,  6, 
te S + 1C km, rounded t o  same c o n v e n i e n t  site. 
The a c t u a l  swath  wid th  s h o u l d  be some c o m f o r t a b l e  amount l a r g e r  t h a n  S t o  allow f o r  v a r i -  
Khat  now remaics is t o  f i n d  an o r b i t  which  r i m u l t a n e o u s l y  meets t h o  f o l l o u z n g :  
1. 
2 .  
3 .  
4 .  
F i n d  a s u i t a b l e  o r b i t  which  c o m p l e t e r  i t s  c y c l e s  (closes) i n  a b o u t  180 d a y s .  The 
r e q u i r e d  swath  w i d t h  is a b o u t  25  km, which  will be c o v e r e d  with 7 l j 2  meter pixels. 
A d j u s t  t h e  bar ic  o r b i t  r e l e c t i o n  so t h a t  a wider 8wath will clore i n  2-3 months.  
Cover t h i s  w idor  swath  s o c t i o n  1~1th 15-meter p i x e l s .  Tho p i x o l s  i n  t h o  c e n t e r  
nar row s e c t i o n  may be avoragod to  form t h e  c e n t e r  p a r t  of t h e  widor  swat!:, either 
on b o a r d  or on tho ground.  L e t  t h i r  section be about 60-krn width.  
Furthcr a d j u s t  t h e  o r b i t  t o  allow a s t i l l  wid8r  swath  tc c o v e r  in abou t  - d a y s .  T h r  
w i d t h  will be 305-4-3 km, depending  on t h e  r e v i s i t  t i m e  d e s i r e d .  For 8-day maxiaun 
i n t e r v a l s  ( w i t h  some i r . t e r v a l s  s h o r t e r ) ,  t h e  r e q u i r e d  w i d t h  is a b o u t  400  km, ant? fo: 
?:-Cay maximum, t h e  wid th  is about 300 km. Cover t h e  W I , ! ~  swath  w i t h  (5-6,’ mctri 
pixels (TBD), and s u i t a b l y  a v e r a g e  t h e  pixels i n  t h e  c e n t e r  s e c t i o n s  t o  form J. cor.- 
t i n u o u s  wide  swath .  
Be sun- synchronous .  
B a s i c  Orbit Coverage Periodicitx 
The basic rc luirerncnt  for p e r i o d i c  cove rage  is t h a t  t h e  n a d i r  t r a c e  r e t u r n  t o  a p r e v i -  
o u s l y  t x n \ e r s c d  p a t h  after sone d e f i n i t e  p e r i o d  of t i m e ,  t h a t  is, t h e  Rth O i b l t  t r a c e  f a l l 5  
an thc  N t ?  r e p e t : t i o r !  of t h e  o r i g i n  (end  of t h e  Nth d a y ) .  T h i s  1s e q u i v a l e n t  t o  \* i cu ing  
t h e  e q u a t o r  a s  a c o n t i n u o u s  arc  p a s s i n g  under  t h e  a s c e n d i n g  node ,  w i t h  t h c  a r c  mensute BC- 
CumLlating indefinitely i n s t e a d  of r e s e t t i n g  each day.4 
901s. 
Note t h a t  N and R arc b o t h  i n t c -  
The &-fold e q u a t o r i a l  a r c  is d i v i d e d  i n  two ways: i n t o  N e q u a l  p a r t s  a:L; i n t o  R equ.11 
p a r t s .  The rmailest  d i v i s i o n  mode which i n c l u d e s  b o t h  of t h c s c  is rqusl t -  Rh’ i f  R and N 
axe r e l a t i v e l y  p r ime .  R and N muat be h e l d  r e l a t i v e l y  primc to  a v o i d  rodunden t  r o p e a t z n g  
s i  t h c  i n t e q d e d  c l c s u r e  p e r i o d .  
The o r b i t  r e p e t i t i o n  p a r a m e t e r  Q i s  t.,e pr ime d e s c r i p t o r  oi t h e  cove raqe  p a t t e r n .  C is 
defined as t h e  number of s a t e l l i t e  W b i r  r e v o l u t i o n s  comple ted  dur in i l  a s i n q l e  r o t a t i o n  o! 
t lw  e a r t h  r e l a t i v e  t o  t h e  s a t e l l i t e  p l a n e  ( approx ima te ly  equr 1 t o  t h e  number of !evolu t ion . .  
i~ a d a y ) .  T h e  v a l u e  of Q doponds p r i m a r i l y  un tLa o r b i t  period, which 1:) t u r n  clopends o n  
the satellite a l t z t u d c .  i s  norma l ly  c x p r * ~ s a e d  i n  the farm 
Q - I + R / N  
wbcre I is t h o  number of comple t e  aatellitt? reb’olutions and K/N is t h e  a d d i t i o n a l  ftaction 
4 4 5  
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of a s a t e l l i t e  orbit  r o q u i r e d  for a p o i n t  on  t h e  e a r t h  t o  comple t e  one  r e v o l u t i o n  and t o  
r e e n c o u n t e r  t h e  s a t e l l i t e  p l a n e .  (Note t h e  p a r a l l e l  betwaen t h i s  and  t h e  a c t i o n  of t h e  
v e r n i e r  scales used t o  measure  the f r a c t i o n a l  d i s t a n c e  be tween scale m a r k s . )  For a reso- 
n a n t  o rb i t  the f r a c t i o n  is zero. The f r a c t i o n  X/N d e t e r m i n e s  t h e  s w a t h i n g  p a t t e r n .  i nde -  
pendent  o f  the i n t e g e r  part of Q, which d e t e r m i n e s  the gross scaling of the orbi t  advance  
per orbit. 
The d e s i g n  space a v a i l a b l e  is g e n e r a l l y  i n  t h e  r s n q e  o f  400-1300 km a l t i t u d e ,  which  
r e s u l t s  i n  a @ r a n g e  of 13-15. Wi th in  t h i s  r a n g e ,  sun-synchronism is o b t a i n e d  w i t h  orbi t  
i n c l i n a t i o n s  i n  t h e  r a n g e  o f  97-101 d e g r e e s  (see F i g u r e  2 ) .  
F i g u r e  2. P o t e n t i a l  Des ian  far 
S un-S y nch ronous  
S a t e l l i t e s  
The d e s i g n  p r o c e d u r e  is t o  se lec t  t h e  K/N t o  g i v e  the d e s i r e d  p a t t e r n ,  an9 t h e n  t o  
The ti-month, 2-month d e s i r e  for semiannual  and ( a p p r o x i m a t e l y )  s e a s o n a l  r e p e a t  r e q u i r e s  
select 1 t o  c o r r e s p o n d  t o  t h e  a l t i t u d e  r a n g e  d e s i r e d .  
t h a t  K / K  be a p p r o x i m a t e l y  1/3. The a d d i t i o n a l  req*J i rement  t h a t  there be n o t  p r e c i s e  c l o -  
sure u n t i l  a b o u t  a year r e q u i r e s  t h a t  K,% Le d i s p l a c e d  from 1 / 3  b y  a S f i A l l  amount. F c c a u s c  
!i is t h c  number of d a y s  for c l o s u r e ,  R = NJ + K. Because R, h‘, an9  I are i n t e g e r s ,  2; n u s t  
also be  i n t e g e r .  s e l e c t e d  so t h a t  R and N &re r e L a t i v c l y  p r imc .  
T h u s ,  choose N = 185 for t h e  6-month p e r i o d .  K m u s t  be abou t  185.’3 = 6 2 ,  approxiaate:\!.. 
%a p a t t e r n s ,  w i t h  K = 6 7  and K = 69, a r e  p r e s e n t e d  i n  F i g u r e s  3 and 4 .  which show t h e  d e -  
si:cd p a t t e r n s  ani? w i t h  t h e  des ire2  c l o s u r e s  of the wide swa th  j i v i n g  repeat t i m e s  of l l  
an2 8 d a y s ,  r e s p e c t i v e l y .  
> 
a 
20 
i o  
A 
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f i g u r c  3 .  L O W  Ordcr Csvurage  Obtained w i t ! :  h/’N = b9,’185 ( l e f t ;  and 6;,’185 ( r i g h t ) .  
&4 0 
ORIGINAL PAGE IS 
POOR QL‘ALIIV 
- 1  I I I 1 1 I 
PARTIAL PATTERN 
LDNC43ClE COVERAGE 
W - N L m  - 
PATHS I5 Lm WIDE 
PATH NO. 
F i g u r e  4 .  Long Cycle C o v e r a g e  w i t h  K/N = 69j185. 
S e l e c t i n g  I i n  the  r a n g e  o f  13-15 sets t h e  a l t i t u d e s :  
1 = 1 3  A l t i t u d e  = 1 1 4 5  kn I n c l i n a t i o n  = 1 0 0 . 0  d e g r e e s  
14 76 7 9 8 . 5  
15 4 4 5  9 7 . 3  
The S e n s o r  
T h e  s e m i a n n u a l  closlrie t i m e  c h o s e n  r e s u l t s  i n  t h e  b a s i c  track s e p a r a t i o n  i n t e r v a l  b e i n s  
aSo;rt 1 5  ka. T b . * ~ s ,  t h e  c e n t e r  s e c t i o n  s h o u l d  b e  a b o u t  20-25  km w i d e  t o  a l l o v  f o r  o r b l t  
variatians. The s e c o n d  a n d  o u t e r  s e c t i o n s  a r e  a b s u t  6 0  a n d  e i the : -  300  or 4 0 0  krn, respcs- 
t : v c ; y ,  t@ F r o v i d e  t h e  F r o g r e s s i v e l y  more o f t e n  r e p e a t e d  c o v e r a g e  w h i l e  t h e  c e n t e r  s e c t i o n  
. j ; : aJua i ly  c o v e r s  t h e  g l o b e  o n c e  ( F i g u r e  5 ) .  
I: a l l  of t h e  s e c t i o n s  a m  t o  b e  p a n c h r o m a t i c  or t o  h a v e  t h e  same s p e c t r a l  b a n d s ,  t h e  
1nnt.r p i x e l s  may b e  a v e r a g e d  t o  f i l l  i n  t h e  o u t e r  s e c t i o n s .  T h i s  w i l l  r e d u c e  t h e  i n t e r -  
s c n s o :  d i f f e r e n c e s  i n  r e s p o n s e  w h i c h  would o t h e r w i s e  be p r e s e n t .  A t  t h e  sarnc t i n e ,  howevex,  
t h e  cer.ter pixels w i l l  b e  u s e f 3 1  for q e n e r a t i n a  h i g h  r e s o l u t i o n  i m a g e s ,  for p r e c i s ' . o n  l o c a -  
t : o n  0:: K , ~ ~ J S  of t h e  e n t i r e  s w a t h ,  f o r  p r e c i s i o n  l o c a t i c n  o f  b o u n d a r i e s  i n  c o n j u n c t i o n  v i t h  
t he  s i m ; t a n e a u s  l o w I  r e s o l u t i o n  p i x e l s ,  and  f o r  a n a l y s i s  o f  t e x t u r e .  
The s p e c t r a :  req'uiremyzCs may b e  met u s i n g  a s p e c t r u m  s F r e a d  o r t h o g o n a l  t o  t h e  l i n e  of 
s p a t i a l  p ~ x c ;  1ocat;ai;s.- T h i s  r e q u i r e s  a n  area seasor a r - a y - t h e  l o n g  d i a e n s i o n  for t h e  
SECTION I 
Swath F i e l d  
Width  A l t .  6 p i x e l  of V i e w  
km km km deg . 
SECTION 2 
4 0  urn Detectors 25 u m  Detectors 
L ine  Foca l  f : ?  Line  Foca l  f :: 
Length Length  Dia. Length  Length Dia. 
m m m m m m 
-20-25 bun- 
(7.5 m! -- ah- 
(IS m) 
~~ 
76 7 9 . 8  2 9  
4 4 5  16.9 4 8  
76 7 9 . 8  2 2  
400  
- 
330 445 1 6  . Y  3 7  
SECTION 3 *- 300-100 km 
(45ORdQm) 
~ 
2 . 4  '.' ::i 1 1 .33  ~ ::: ~ i:; 
4 . 1  
2 . 4  
I 
2 
2 . 6  1 . 3  
1 . 5  0 . 8  1.0 1.5 
F i g u r e  5 .  Makeup o f  t h e  M u l t i p l e  R e s o l u t i o n  Swath S e c t i o n s  
p i x e l s  a l o n g  t h e  swath  w i d t h ,  and t h e  s h o r t  dimension (30 t o  60 p i x e l s  or so) t o  sample  t h e  
spectrum of e a c h  o f  t h e  ground i n s t a n t a n e o u s  f i e l d s  of view. T h i s  approach g u a r a n t e e s  spec- 
t ra l  band r e g i s t r a t i o n ,  as a l l  p i x e l s  are sampled s i m u l t a n e o u s l y .  
The a r e a  a r r a y  would image o n l y  one  7 . 5  meter p i x e l  l i n e  a t  a t i m e .  The v a r i o u s  reso- 
l u t i o n s  and  s p e c t r a l  s e l e c t i o n  would be accompl ished  w i t h  l o g i c  on boa rd  t o  minimize  d a t a  
bandwidth  r e q u i r e m e n t s .  I f ,  f o r  example ,  t h e  h i g h  r e s o l u t i o n  is d e s i r e d  p a n c h r o m a t i c a l l y ,  
t h e  i n n e r  s e c t i o n  p i x e l s  would be a v e r a g e d  across the spectral set, b u t  n o t  s p a t i a l l y .  They 
may a l s o  be ave raged  s p a t i a l l y  t o  match t h e  spectral  and s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  
o t h e r  s e c t i o n s .  I n t e r - d e t e c t o r  d i f f e r e n c e s  are reduced  i n  b o t h  cases, a i t i g a t i n g  some of 
t h e  d e f i c i e n c i e s  o f  t h e  small p i x e l  d e t e c t o r s .  A t  the same t i m e ,  t h e  on-board p r i c e s s i n g  
p r o v i d e s  a d d i t i o n a l  f l e x i b i l i t y  in both the spa t ia l  and spectral domains by a l l o w i n g  com- 
mandable  changes .  
t i o n s  to s a t i s f y  a g i v e n  o b s e r v a t i o n ,  and s e l e c t i n g  or s y n t h e s i z i n g  a small  number of re- 
q u i r e i  spectral  bands  from the 30 t o  6 0  a v a i l a b l e .  The s p e c i f i c  data ra te  r e s u l t i n g  will 
depend upon t h e  d e s i g n  p a r a m e t e r s  u l t i m a t e l y  chosen .  Fo r  example: Cons ide r  s e c t i o n  1 
( 2 0  km w i d t h )  t o  be  panchromat i c  a f t e r  a v e r a g i n g  i n  t h e  s p e c t r a l  domain, t o  be  u s e l  f o r  edge  
r e g i s t r a t i o n ,  panchromat i c  t e x t u r e ,  and mapping. S e c t i o n  2 ( 6 0  km width!  would be  seven  
bands .  chosen  p r i m a r i l y  t o  p r o v i d e  f o u r  bands  f o r  a g r i c u l t u r e  p l u s  t h r e e  e x t r a  bands  f o r  
geo logy  or o t h e r  d i s c i p l i n e s .  S e c t i o n  3 ( 3 0 0  or 4 0 0  km w i d t h )  would be j u s t  .e f o u r  a a r i -  
c u l t u r e  bands .  With r e s o l u t i o n s  o f  7 . 5 ,  1 5 ,  and 4 5  meters, t h e  a g g r e g a t e  d a t  r a t e  w i t h  6- 
bit r i x e l s  is abou t  1 9 0  I.; b i t / s e c  before d a t a  compress ion .  Compression i n  t h e  r ange  of 5 : !  
s a l .  De p r a c t i c a l  w i t h o u t  a p p r e c i a b l e  d a t a  loss, a t  l e a s t  f o r  t h e  four -band s e c t i o n s ,  whir!:  
woul2 r educe  t h e  n e t  data ra te  by  a f a c t o r  o f  a b o u t  2:l t o  4:l. ?he data r a t e  w i l l  belar,jr., 
b u t  n o t  i n t r a c t a b l e .  
The d a t a  ra te  may be  k e p t  w i t h i n  bounds by s e l e c t i n g  t h e  minimum r e s o l u t i o n  i n  t h e  S ~ C -  
P o t e n t i a l  d e s i g n  a l t i t u d e s ,  as d i s c u s s e d  above ,  are 76? or 4 4 5  km. These .  ani? t h e  de- 
s i r e d  swath  w i d t h s ,  s e t  the a n g u l a r  f i e l d  r e q u i r e d .  The a n g u l a r  e x t e n t  $ of a 7.5 me te r  
p i x e l  a t  t h e s e  a ' t i t u d e s  is 1 0  or 17 p r a d ,  c o m f o r t a b l y  above t h e  d i f f r a c t i o n  l i m i t ,  a l t h m q h  
it will Fash t h e  e x c e l l e n c e  of t h e  o p t i c a l  d e s i g n .  P r a c t i c a l  d e t e c t o r s  c u r r e n t l y  are abou t  
4 0  ;n i n  s i z e ,  w i t h  some hope of r e d u c i n g  t h i s  to 25 u m  ox so i n  t h e  f u t u r e .  These  t w o  
s i z e s  set t h e  r e q u i r e d  focal l e n g t h  o f  t h e  lens. F i n a l l y ,  a sys t em w i t h  a speed  o f  f : ?  t o  
f : 4  is v i s u a l i z e d ,  which sets  t h e  l e n s  d i a m e t e r .  These  combina t ions  a r e  shown if, T a b l e  1. 
T a b l e  1. Des ign  
The  r equ i r emen t  for 
r e so lu t ion  ! s r e q u i r e d  
for the o u t e r  sections 
Pa rame te r s  f o r  40 urn and 2 5  urn Detectors and 7 . 5  meter p i x e l s .  
v i d e  f i e l d  optics f o r  t h e  300-400 km s e c t i o n  is a problem i f  h i q 3  
t o  t h e  edge  of t h e  swsth .  However, t h e  lower r c s o L u t i o n  p o s t u l a t e . :  
w i l l  allow t h e  o p t i c s  per formance  t o  be r e l a x e d  a t  t h e  edge  of t h e  
f i e l d  o f  v iew,  v h e r e  t h e  problem is norma l ly  t h e  Worst. As a n  a l ternate ,  t h e  wide  swath  
p o r t i o n  may be m e t  d i t h  a s e p a r a t e  s e n s o r .  Thus,  s e c t i o n  1 and 2 may b e  m e t  w i t h  a sensor 
c o v e r i n g  o n l y  6 0  km w i t h  the 7.5 meter p i x e l s ,  and  a separate sensor c o v e r i n g  t h e  wide  f i e l d  
4 5  meter p i x e l s .  T a b l e  2 shows t h i s  combina t ion .  T h i s  approach  g r e a t l y  r e d u c e s  t h e  o p t i c s  
problem,  b u t  r?quires t h a t  t h e  t w o  s e n s o r s  be a c c u r a t e l y  b o r e s i g h t e d .  The two-sensor  de- 
s i g n  h a s  a secondary  advan tage :  a t  the expense of a h i g h e r  d a t a  ra te ,  and  because  t h e  wide  
a n g l e  section o p t i c s  w i l l  c o v e r  t h e  c c m p l e t e  f i e l d  o f  view anyway, t h i s  s e c t i o n  c o u l d  be 
implemented w i t h  a conplete complement o f  4 5  m p i x e l s .  Then, as i t  is redundan t  t o  t h e  de- 
tectors o f  s e c t i o n  2,  t h a t  s e c t i o n  c o u l d  be programmed for d i f f e r e n t  spectral bands  t h a n  
used  i n  s e c t i o n  3. 
I I 40 um Detectors 25 um D e t e c t o r s  
Swath F i e l d  
Width A l t .  Q p i x e l  o f  V i e w  
km km km deg . 
767 58.8 29 400 4 4 5  1 0 1 . 4  48 
300 445 1 0 1 . 4  37 
6o  445 16 .9  7.7 
76 7 4 8 . 8  2 2  
76 7 9 .8  4.5 
L i n e  F o c a l  f : 2  
Length  Length  Dia. 
m rn m 
0.4 0 .75  0.4 0 . 4  0 .2  
0 .75  0 . 4  
0 . 4  0.2 
4 . 1  2 .1  
2.4 1 . 2  
0 . 3  
0 . 3  
L i n e  F o c a l  f : 2  
Length Length  Dia. 
m m m 
0 . 4 3  0.22 
0 . 2 5  0 . 1 3  0.22 
0 . 4 3  c - 2 2  
0.25 0.1; 0.17 
2.6 1 . 3  
1 . 5  0 . 8  0 - 2  
T a b l e  2. Design P a r a m e t e r s  f o r  40  u m  and  25 ;Im Detectors, w i t h  4 5  m p i x e l s  for the 
300 or 400 km s e c t i o n  and  7.5 m p i x e l s  f o r  the 60  km s e c t i o n .  
Conc lus ion  
A c o n c e p t  f o r  a m u l t i p l e  r e s o l u t i o n  s e n s o r  is p r e s e n t e d  which ,  by a l l o w i n g  t h e  v a r i o u s  
d r i v i n g  p a r a m e t e r s  t o  be t r a d e d  o f f ,  may allow s a t i s f a c t i o n  o f  s e v e r a l  d i s c i p l i n e s  which 
are o t h e r w i s e  compet ing  for c o v e r a g e  and s p e c t r a l  and  s p a t i a l  resolution. Al though some 
examples  of F o s s i b l e  d e s i g n  p a r a m e t e r s  are  g i v e n ,  t h i s  i s  n o t  meant t o  p r o p o s e  any s p e c i f i c  
d e s i g n .  R a t h e r ,  t h e y  are g i v e n  as food  f o r  t h o u g h t .  Houever,  t h e y  are b e l i e v c C  t o  be rep-  
r e s e n t a t i v e  o f  t h e  d e s i g n s  possible. 
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8.7 ATTITUDE TRACKER 
Fred C. B i l l i n g s l e y  
Pasadena, C a l i f o r n i a  91109 
J e t  Propuls ion Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  Technology 
L ine  array sensors produce data which has no inherent  geometr ical  c o n t i n u i t y .  
Hence, any p l a t f o r m  a t t i t u d e  v a r i a t i o n  w i l l  be evidenced as a d i s t o r t i o n  when 
t h e  data l i n e s  are d isp layed i n  the  normal Car tes ian r a s t e r .  A n c i l l a r y  sensing 
i s  requ i red  t o  e s t a b l i s h  the p l a t f o r m  a t t i t u d e  t o  a l l o w  geometric r e c t i f i c a t i o n .  
This i s  normal ly  prov ided by i n e r t i a l  or s t a r  reference a t t i t u d e  sensors. 
However, i n  the absence of  such sensors o r  i f  performance o f  them i s  degraizd, 
t h e  r e q u i r e d  a t t i t u d e  i n f o r m a t i o n  i s  l o s t .  
A strawman sensor design i s  proposed which u t i l i z e s  small  image areas 
on the  ground t o  p rov ide  a s e r i e s  o f  motion vectors w i t h  which t h e  p l a t f o r m  
a t t i t u d e  can be tracked; t h i s  a l lows the  d i s t o r t e d  image rece ived by the  normal 
image l i n e  sensor t o  be r e c t i f i e d .  
THE PROBLEM 
Future sensors o f  the  l i n e a r  a r ray  type w i l l  r e t u r n  l i n e s  o f  data which 
are  independent i n  the sense t h a t  t h e r e  i s  no data t i e  between them. I t  i s  
essent ia l  f o r  mapping and s tereo work t h a t  the data l i n e s  used f o r  ana lys is  
be i n  p r e c i s e l y  the  c o r r e c t  geometr ical  p o s i t i o n .  If the sensed image l i n e s  
are  n o t  i n  the c o r r e c t  pos i t ions ,  i n t e r p o l a t i o n  o r  o t h e r  compensation must 
be used before ana lys is .  But t h e r e  i s  no in format ion i n  the data as planrled 
t o  measure the correctness o f  p o s i t i o n ;  'pos i t ion  accuracy depends on p l a t f o r m  
a t t i t u d e  accuracy f o r  a s u f f i c i e n t l y  long  per iod.  Ant ic ipa ted  spacecraf t  
c o n t r o l  parameters w i l l  be (mars ina l l y )  adequate if a l l  i s  p e r f e c t ,  b u t  there  
i s  n o t  niuch to lerance f o r  degradation, n o r  any planned way t o  work around 
degradations. The use o f  ground c o n t r o l  po in ts  w i l l  be necessary f o r  p rec ise  
t i e  t o  the ground, b u t  w i l l  be clumsy f o r  cont inued use f o r  the  s te reo  t rack ing ,  
and, i n  any event, surveyed ground c o n t r o l  p o i n t s  w i l l  n o t  be a v a i l a b l e  f o r .  
many areas. The problem i s  exacerbated w i t h  an a i r c r a f t  p l a t f o r m  due t o  the  
ub iqu i tous  a t t i  tude i n s t a b i l i t y .  
WHAT is NEEDED 
What i s  needed i s  a system f o r  analyz ing the  p la t fo rm mot ion as r e f l e c t e d  
i n  the  ground d i s t o r t i o n s ,  which may be used t o  1 )  v e r i f y  p l a t f o r m  s t a b i l i t y  
and 2 )  prov ide the data f o r  c o r r e c t i n g  the  geometric aspects o f  the image 
l i n e s ,  e i t h e r  i n  p a r a l l e l  w i t h  the expected good performance o f  a spacecraf t  
p l a t f o r m  o r  t o  compensate f o r  degraded performance. I d e a l l y ,  the  system 
would be usefu l  on board, b u t  ground c a l c u l a t i o n s  and c o r r e c t i o n  would be 
acceptable.  
System, b u t  the  system should a l l o w  (perhaps degraded) use w i t h o u t  these. 
Maximum use should be made o f  the GCPs and the Global P o s i t i o n i n g  
ORIGINAL PAGE IS 
''O OF POOR QUALITY 
STRAWMAN SOLUTION 
A system f o r  p rov id ing  the data f o r  se l f - t rack ing  could be designed as 
follows: As p a r t  o f  a separate sensor boresighted t o  the imaging sensor, a 
se t  o f  small square image areas of ,  say 64 x 64 o r  128 x 128 p ixe ls ,  arranged 
as sketched (Figure 1) i s  imaged on t o  a se t  o f  area array detectors. All 
are read out simultaneously i n t o  a set  o f  memories. 
placement between i t  and a orevious image, taken a few image l i n e s  prev ious ly  
i s  determined. The sequential se t  
o f  displacement vectors may bt used 
t o  model the p la t fo rm a t t i t u d e  v a r i -  
a t ions,  and t o  generate the geometric 
cor rec t ion  parameters. The re1 ated 
software w i l l  have t o  br idge gaps 
i n  the displacement vector sequence 
due t o  clouds o r  o ther  noncorrelat ion,  
arld t o  operate i n  areas of t e r r a i n  
re1 i e f .  
For each area, the d is -  
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ARRAYS 
0 L A  
0 
0 L a  
Figure 1.  
Possi b l  e 
Arrangement 
PRIMARY Array Sensors 
SENSOR 
c7 7k i ~ y  o f  Area 
0 IMAGE r--1 
Data analysis fo l lows the w e l l  known stereo compi lat ion p r inc ip les .  The 
e f f e c t s  as seen i n  normal stereo comr i la t ion  p rac t i ce  dre given i n  Figures 
2 and 3 ( f rom D. H. Alspaugh, "Stereo Compilation and D ig i t i z i ng , "  Proc. L a t i n  
American Technology Exchanqe Week, Panama City, May 1979, p. 314). 
Figure 2. Image Comparison 
i s  Equivalent t o  Stereo 
Compilation. 
c dkuru,aL Y~,. 
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4 5 1  
I n  the eventual instrument, the data processing would be se l f -conta ined 
(Figure 4), so t h a t  on ly  the der ived a t t i t u d e  parameters would be t ransmi t ted  
o r  u t i  1 i red .  
I P D '7 
I At t i tude  ?hare I Smoothing 
Co=prrator k:ra rn t i l t e r  4 a l e  
\-- - kqrrired for Each Channel 4 
- Out 
Stare A A 
CllC m J 
?hart corn I I 
Figure 4. Data Processing Block Diagram and Timing 
Lcckheed (l * *) has b u i l t  a phase plane comparator, i nc lud ing  the FFT, 
which operates i n  1/30 second. 
t h i s  p a r t  o f  the processing t o  be time-multiplexed. 
Incorporat ion o f  t h i s  approach could a l low 
1. Kuqlin. C. D.. hines, D. C., "The Phase Corre la t ion Image 
A l i g n m b t  Method," Proc. I E E E  1975 In te rna t iona l  Conference 
on Cybernetics and Society-65. 
2. Pearson, 3. J . ,  Hines D. C., Golosman, S., "Yideo Kate 
Image Corre la t ion Processor," S P I E  Vol .  119, A l i c a t i o n s  
o f  D i q i t a l  Imaqe Processing, 1977, pp. pe---- 97-205. 
It nay be necessary t o  incorporate a L:DAR o r  equiva lent  sensoi t o  
determine the instantaneous a l t i t u d e .  
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The m u l t i s p e c t r a l  images produced by Landsa ts  1 ,  2 ,  and 3 have pro- 
vided valuable data  t o  a diverse  spectrum of users  worldwide and there  i s  
present ly  a growing demand for more and b e t t e r  data  of t h i s  kind. Techno- 
l o g i e s  a r e  under development t o  s a t i s f y  t h i s  g rowing  demsnd -- b e t t e r  
d t t ec to r s ,  new imaging modes, improved platforms, and innovative u t i l i z a -  
t i on  techniques. There is a compelling l eg i t ima te  concem, however, t h a t  
nev d a t a  t y p e s  be mergeable  w i t h  e x i s t i n g  d a t a  types.  To s a t i z f y  t h i s  
concern, there  i s  B tendency t o  force new data types  t o  f i :  e x i s t i ~ g  usage 
modes w i t h  an unnecessary e f f ic iency  i e p a i m e n t  t h a t  car: be grossly deb i l i -  
t a t i n g  w i t h  an i n c r e a s i n g l y  l a r g e  volume of da ta .  T h i s  paper  a r g u e s  f o r  
image acquis i t ion  concepts and processing methods which take proper advan- 
tage of nev imaging modes and accompanying technologies. The goal is t o  
provide delivery t imel iness  and throughput e f f i c i e n c i e s  commensurate wi th  
the volume of data  acquired. 
The i n h e r e n t  i n a c c u r a c i e s  i n  t h e  previous Landsat scanning imaging 
methoC rendered extensive image r e c t i f i c a t i o n  a n e c e s s i t y .  By c o n t r a s t ,  
the  inherent l i r e a r i t y  i n  so l id  s t a t e  l i n e  array imagers shows promise f o r  
allowing acquiz i t ion  of i r ~ a g e s  w i t h  inherent  geometrical  accuracy, !caving 
p l a t f o r m  dynamics a s  t h e  p r i n c i p a l  sou rce  of e r r o r .  B u t  new p l a t i o r m  
deVelGpmentS car! p o t e n t i a l l y  p rov ide  a c c e p t a b l e  s t a b i l i t y  and p o i n t i n g  
accuracy. Hence there  is a r e a l  prospect f o r  azquiring images w i t h  i n h e -  
rent  geometrical accu:;cy a t  l e s s t  f o r  ce r t a in  regions. Platforrc point inp 
adequacy, when coupled s i t h  adequate o r b i t  s t a t e  determination, can provide 
g e o d e t i c  accuracy  a s  well. F u r t h e r  r e s e a r c h  i s  r e q u i r e d  t o  de t e rmine  
condi t ions under which inherent ly  accurate  global imagery can be acquired 
both geometrically ?:.E geodet ical ly ,  and how such imagery can be processed 
t o  provide the h i g h  volume throughput deeandedalid the  required da ta  mer- 
geab i l i t y  as  well. 
@ T h i s  paper  p r e s e n t s  t h e  r e s u l t s  o f  one phase of r e s e a r c h  c a r r i e d  ou t  a t  
the J e t  Propulsion Laboratory, Cal i forn ia  I n s t i t u t e  of Technology, under 
contract  NAS7-100, sponsored by the  Naticnal Aeronautics and Spzce Admini- 
s t r a  t ion. 
@@Member of the Technical S t a f f ,  Mission Design Sect ion,  JPL 
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The long-range imaging objec t ive  i s  t o  provide information adequate t o  
s a t i s f y  the  perceived operat ional  mission needs. Pr incfpal  needs r e l a t e  t o  
QUality, t l 8 e l i n e s s ,  cont inui ty ,  coverage ,  usage d l v e r s i  t y ,  and economy. 
These needs  a r e  d i s c u s s e d  a t  some l e n g t h  In Refe rences  1 and 2 and a r e  
summarized i n  Table 1. This paper focuses on Wata Processing Efficiency" 
a s  d e s c r i b e d  under  t h e  second b u l l e t  of Table  1. The imaging system 
assumed Is o.?e which s a t i s f i e s  the  rembining requirements except f o r  Ther- 
mal I R  and Microwave Imiigery. The s p e c i f i c  imaging object ive as r e l a t e s  t o  
t h i s  ana lys i s  is t o  acquire  images anywhere on the globe unich a r e  inher- 
e n t l y  a c c u r a t e  both g e o m e t r i c a l l y  and geodetically.  Acquisition of such 
images w i l l  enable e f f l c l enc ieo  i n  processing w i t h  consequent r e l i e f  from 
t ime l ines s  and throughput problems t h a t  have plagued Landsats 1, 2, and 3. 
G e o m e t r i c a l l y  a c c u r a t e  images a r e  e s s e n t i a l  t o  a u t o m a t i c  i n f o r m a t i o n  
e x t r a c t i o n  a s  well a s  e x t r a c t i o n  of b o o t s t r a p  i n f o r m a t i o n ,  Le . ,  m i s s i o n  
p a r a m e t e r s  d e t e r m i n a t i o n  from image data. Qual i ta t ive  (Le., photointer-  
p r e t a t i v e )  use of images,  a 1  though f o r g i v i n g ,  is enhanced b y  geomet r i c  
accuracy a s  is a l s o  t h e  capabi l i ty  for  quan t i t a t ive  information ex t r ac t ion  
i n  a manual mode. Images w h i c h  a r e  not geometrically cor rec t  when acquired 
(inherent ' . j  accurate)  m u s t  be corrected by various time-consuming r o c t i f i -  
ca t ion  processes (image l i n e  r o t a t i o n ,  t r a n s l a t i o n ,  s t r e t c h i n g ,  warp ing ,  
etc.). Obtaining images which a r e  Inherent ly  accurate o f f e r s  t he  fol lowing 
important s c i e n t i f i c  advantages: 
a )  
b )  Provides the  poten t ia l  f o r  onboard inform-ition ex t rac t ion .  
c )  
d)  
Provides t imely quick-look information for reconnaissance ana 
episodic  events  ana lys i s .  
Avoids the  p a r t i a l  loss of s p a t i a l  and spectral lnformatioc which 
Allows timely ana lys i s  of a l a rge  volulce of high-resolution m u l -  
resampling typFcally incurs. 
t i s p e c t r a l  da ta  which couid be t o t a l l y  in t r ac t ab le  using 
conventional processing techniques. 
Geodet ic  accuFacy is e s s e n t i a l  for suci, processes as  multi-temporal 
coapar i som,  ground cont ro l  point improvement, d i g i t a l  mosaicking, auto- 
matic inter-image matching, automatic map updating, and map construct ion t o  
NHA standards. I f  the acquired Images are not inherent ly  accurate  gQOdet1- 
ca l ly ,  laborious ground control  point  f i t t i n g  m u s t  be employed whicb can be 
cos t ly  and s l o v  indeed whefi done automatical ly  by co r re l a t ion  techniques, 
pa r t i cu la r ly  without benefi t  of a good a estimated l o c a t i o n  With 
adequate knowledge of platform o r b i t  s t a t e  and instrument pointing direc-  
t i oc ,  data  can be acquired w i t h  inherent geodetic accuracy, making possible  
t h e  s c i e n t i f i c a l l y  important uses indicated above which would otherwise be 
too costly t o  consider on any massive scale. 
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?he technical  f e a s i b i l i t y  cf  acquir ing inherent ly  accurate  images i s  exa- 
mined here  i n  terms of a pa r t i cu la r  mission and imaging system concept and 
s p e c i f l c  funct ional  capab i l i t i e s .  The ana lys i s  considers error characte- 
ristics ( t y p e s ,  sGurces, and magnitudes) and conceptual compensation modes. 
The strawman concepts assumed f o r  t h i s  ana lys i s  a r e  summarized below but 
a r e  described i n  g rea t e r  d e t a i l  i n  References 1 ard 2. 
A land remote sensing mission i s  assumed using a f r e e  f l y e r  spacecraf t  
laur?ched from' WTR i n t o  a n e a r - c i r c u l a r  sun-synchronous o r b i t .  The  
spacecraft  is assumed t o  f l y  a t  882-km a l t i t u d e ,  o r b i t i n g  t h e  Earth every 
1 0 3  l o i n  in a con t iguous  swa th ing  coverage  p a t t e r n ,  comple t ing  a r e p e a t  
coverage c y c l e  i n  52 days  a f t e r  729 o r b i t a l  pe r iods .  S u r f a c e  spac ing  
between adjacent ground t rack3 occur one day apar t ,  separated by 55 kn! a t  
the  equator and decreasing separat ion along l a t i t u d e  l i n e s  a s  t he  cosine of 
l a t i  tude.  The 99-deg i n c l i n a t i o n  r e q u i r e d  f o r  sun-synchror i sm a 1  l ows  
orthographic imaging of a l l  regions of t h e  Earth below 81 de& la t i t ude .  
A pushbroom imaging concept  (Ref. 2) i s  u s e d  (Fig. 1 )  t o  image t h e  
land masses of the Earth i n  the  v i s i b l e  a n d  near in f ra red  (VNIR) and shcrt  
wave i n f r a r e d  (SYIR! s p e c t r a l  ranges.  Each image l i n e  I S  fcrmed by 41730 
contiguous de tec tor  elements arrayed nominally perpendicular t o  the space- 
c r a f t  ground track. Image exposure time is adjusted according t o  apace- 
c r a f t  a l t i t u d e  t o  form f o r  each pixel  a square Ground Instantanecus Field 
o f  View (CIFGV). Area a r r a r  d e t e c t o r s  a r e  used t o  a l l o w  a d i s p e r s i v e  
imaging  approach,  cna b l l n g  s e l e c t i v e  acqu i s i t i on  of E ! J ~  t i s p e c t r a l  ircages 
from any portion of the covered spec t r a l  range with high s p e c t r a l  resoiu- 
t i o n  and inherent  spec t r a l  reg is t ra t ion .  
Simultaneous u t i l i z a t i o n  of th ree  t y p e s  of imaging devices is  apsumec! 
tc. provide crthographic,  s tereographic  and a r b i t r a r y  s i t e  oblique imaging. 
Or thographic  imagery is provided  by t h e  n a d i r - o r i e n t e d  imaging device .  
T h i s  device w i l l  prcvide a complete and r e p e t i t i v e  se t  of t i m e l y  and synop-  
t i c  l s n d  a r e a  i s a g e s  on a near  g l o b a l  s c a l e .  T h i s  m u l t i s p e c t r a l  i n d g i n g  
device will emphasize uninterrupted coverage with high geometric and  geode- 
t i c  accuracy s u i t a b l e  for cartographic use. 
For stereographic  imagery, the nadir-oriented device is supplemented 
by two a d d i t i o n a l  i n s t r u m e n t s ,  o f f s e t  f o r e  and a f t ,  t o  a l l o w  con t inuous  
monospectral imaging of the  t e r r a i n  from three d i f f e ren t  vantage points  ir.  
space. Extremely high inherent geometric and geodetic accuracy I'or these 
s t e r e o g r a p h i c  imager s  i s  d e s i r a b l e  b u t  not  c r u c i a l .  T h i s  is due t o  t h e  
cornl.aratively l imi ted  data  volume these Instruments produce and the  charae- 
t e r i s t i c a l l y  re t rospec t ive  and s e l e c t i v e  data  usage mode expected. 
T h e  t h i r d  imaging  dev ice  i s  m u l t i s p e c t r a l  and p o i n t a b l e  and is used 
in t e rmi t t en t ly  t o  provide t i n e l y  coverage of rap id ly  changing phenomena a t  
a r b i t r a r y  imag!ng s i t e s  anywhere on the globe (Ref. 2). With a c a p a b i l i t y  
o f  p o i n t i n g  55 deg e i t h e r  a i d e  of' n a d i r  (Fig. 21, t h e  i n s t r u m e n t  w i l l  be 
capable  o f  next-day coverage of any po in t  on Earth and next-orbi t  coverage 
a t  h i g h  l a t i t u d e s .  Geometric and  g e o d e t i c  a c c u r a c y  f o r  t h i 3  i n $ t r u m e n t ,  
w h i l e  d e s i r a b l e ,  is  not c r u c i a l  -- i n  c o n t r a s t  w i t h  t h e  c r thograph ic  Imager -- s i n c e  t h e  chief In fo rma t ion  use depends on its i n h e r e n t  s p e c t r a l  regis- 
t r a t i o n  Instead. 
S p e c i f i c  c a p a b i l i t i e s  for t h e s e  t h r e e  imaging d e v i c e s  a r e  summarized 
i n  Table 2. Table 3 summarizes t h e  expected coverage c h a r a c t e r i s t i c s .  
T y p i c a l  image a b e r r a t i o n s  i n c i u d e  s c a l e  v a r i a t i o n s ,  d i s p l a c e m e n t ,  
d i s t o r t i o n ,  skew, and r o t a t i o n .  These a b e r r a t i o n s  a r e  common t o  a l l  imag- 
i n g  modes, but t h e i r  r e l a t i v e  importance d i f f e r s  from one mode t o  another.  
I n  t r a f  r am e ,  i n  t e rf ram e ,  s u a  t U- t 0-swa t h ,  and geode t i c r e g i  s t r a t i o  n a r e  
a f f e c t e d  by these  a b e r r a t i o n s  t o  va ry ing  degrees.  The fo l lowing  m a t e r i b l  
d i s c u s s e s  the  e r r o r  types,  p r i n c i p a l  causes ,  and g r o s s  magnitudes f o r  each 
imaging mode and exzmines i n h e r e n t  accuracy f e a s i b i l i t y .  
QrthoaraPhic m. Table 4 l is ts  t h e  c h a r a c t e r i s t i c  image abe r ra -  
t i o n s  expected f o r  t h e  o r thograph ic  Imager if no s p e c i a l  measures a r e  taken 
t o  o b t a i n  i n h e r e n t  acc \ i r acy .  The t a b l e  shows a r e a s  where  research  is 
reeded t c  f i n d  accep tab le  error compensation options.  
T h e  l i s t  i n  T a b l e  4 i s  d o m i n a t e d  by i n t r a f r a m e  e r r o r s ,  t h e  p r i m a r y  
d e t e r m i n e r s  o f  geomet r i c  accuracy. Image s c a l e  changes o f  2.4% t y p i c a l l y  
occur  d u e  t o  a l t i t u d e  Var i a t ions ,  d r iven  by t h e  combined e f f e c t s  cjf g r a v i t y  
h a r m o n i c s  and E a r t h  f l a t t e n i n g ,  h i n d e r i n g  one - to -one  c o r r e s p o n d e n c e  o f  
image p i x e l s  w i t h  predeterminec! geographic loca t ions .  These same a l t i t u d e  
c h a n g e s  c o u p l e d  w i t h  v e l o c i t y  v a r i a t i o n s  h inde r  e q u i l a t e r a l  p i x e l  dimen- 
s i o n s  on t h e  ground u n l e s s  coEpensated. 
Continual p l a t fo rm movement around t h e  p i t c h  a x i s  t o  ma in ta in  2 n a d i r  
o r i e n t a t i o n  g i v e s  r i s e  t o  keystone d i s t o r t i o n  i n  t h e  image, causing a shape 
l i k e  t h e  c e n t r a l  p o r t i o n  of a n  o r a n g e  s l i c e .  T h i s  d i s t o r t i o n ,  a l t h o u g h  
w o r s e  f o r  w i d e r  s u a t h  w i d t h s ,  a p p e a r s  e n t i r e l y  n e g l i g i b l e  for a 60-km 
swath.  
Frame s k e w  o c c u r s  when t h e  s p a c e c r a f t  m a i n t a i n s  a f i x e d  i n e r t i a l  
heading w h i l e  imaging t h e  r o t a t i n g  Earth. The r e s u l t a n t  image Is cclmposed 
of an a r r a y  o f  parallelogram-shaped p i x e l s ,  skewing the  frame. T h i s  aber- 
r a t i o n  may not pose any s e r i o u s  In fo rma t ion  e x t r a c t i o n  problem. The skew 
c a n  be removed by c o n t i n u o u s  y a w i n g  o f  t h e  s p a c e c r a f t  a s  a f u n c t i o n  o f  
l a t i t u d e .  However, t h i s  yaw r o t a t e s  t h e  image l i n e a  ar.d g i v e s  r i s e  t o  non- 
p a r a l l e l i s m  which can result  I n  l a r g e  re la t ive p i x e l  d i sp l acemen t s  a t  t h e  
Image frame edge. 
Ea r th  cu rvd tu re  causes  image l i n e s  t o  ove r l ap  toward t h e  frame edges,  
p a r t i c u l a r l y  for wide  s w a t h s .  T h e  i e s s  t h a n  1s o v e r l a p  e x p e c t e d  due t o  
E a r t h  c u r v a t u r e  s h o u l d  no t  s l g n i f f c a n t l y  i m p a c t  image  r a d i o m e t r y  and i s  
probably neg l ig ib l e .  Randole d i s t o r t i o n s  can occur  w i t h i n  an image frame 
b e c a u s e  of d r i f t ,  v i b r a t i c n  or j i t t e r  i n  t h e  I m a g i n g  p l a t f o r m  or i n s t r u -  
ment. If d r i f t  r a t e s  a r e  k e p t  t o  10,: deg/s, no se r ious  image impalrment 
should resu l t .  However, d r i f t  r a t e s  as l a rge  a s  deg/s give cause f o r  
cmcern  and would doubt less  r u l e  out obtaining inherent  geometrical  accu- 
racy a t  t L L  15-m pixel l e v e l  except for small swaths. 
S igni f icant  interframe,  swath-to-swath and geodetic errors stem p r i n -  
c ipa l ly  from navigation e r ro r s ,  a l t i t u d e  var ia t ions ,  and a t t i t u d e  cont ro l  
inaccwacies.  ErPors of these tyDes hinder mosaicking, mu1 t i  temporal com- 
parisons,  and map r e g i s t r a t i o n  Y i t h  accurate  models and su i t ab le  anc i l -  
l a ry  data ,  these e r r o r s  and those above can be compensated i f  necessary by 
post-processing. The goal,  however, i s  t o  obtain inherent accuracy. Hence 
compensation opt ions  a r e  needed onboard t h e  spacecraf t  so t h a t  the received 
images f o r  the most par t  are ready f o r  use. 
m. The pr inc ipa l  s tereographic  image aber ra t ions  
r e l a t e  t o  obtaining interframe r e g i s t r a t i o n  between a given pa i r  of images 
from t h e  t r i p l e t  obtained. The error types,  causes and expected magnitudes 
a r e  shoun i n  Table  5. The s c a l e  of one image d i f f e r s  rrom t h e  o t h e r  
because of d i f f e r e n t i a l  va r i a t ions  i n  imaging dis tance,  impairing pixel-to- 
pixel  coincidence betueen frames. O r b i t  dynamics, E a r t h  geometric f l a t t e n -  
i ng ,  and a t t i t u d e  c o n t r o l  e r r o r s ,  p r i n c i p a l l y  around t h e  p i t c h  a x i s ,  a r e  
t h e  major c o n t r i b u t o r s  t o  S tereographIC image s c a l e  e r r o r s .  Image d i s -  
p l a c a e n t s  hinder inherent  frame-to-frame correspondences. Earth r o t a t i o n  
is :he p r i n c i p a l  c o n t r i b u t o r  g i v i n g  r i s e  t o  a 27-km l o s s  i n  s t e r e o f r a m e  
everlap i f  not compensated (Fig. 3). I f  compensated by yawing the imaging 
platform, ds3uming the  focal  planes of a l l  three cameras a r e  r ig id ly  f ixed 
r e l a t i v e  t o  t h e  p l a t f o r m ,  Image l i n e  r o t a t i o n  o c c u r s  (Fig.  4) .  T h i s  l i n e  
r o t a t i o n  results i o  non-parallel Image l i n e s  (4.3 mrad midd le - to -o f f se t ,  
8.6 mrad b e t w e e n  o f f s e t  cameras)  a s  wel l  a s  a 1.7-km d e p a r t u r e  from geo- 
g r a p h i c a l  co inc idence .  I n  a d d i t i o n ,  a t  t l t u d e  c o n t r o l  e r r o r s  can cause  
s i g n i f i c a n t  l n t e r f r a a c  d i sp lacemen t  e r r o r s  u n l e s s  l i m i t e d  by a t i g h t e r  
s t a b i l i t y  r a t e  r equ i r emen t .  A more d e t a i l e d  a n a l y s i s  of s t e r e o g r a p h i c  
ircage aber ra t ions  is given i n  Ref. 3. 
Obllaue w. A l l  of the  generic geometrical  imaging e r r o r  types 
( I c t r a f r a m e ,  i n t e r f r a m e ,  swath- to-swath,  and g e o d e t i c )  a r e  found t o  a 
sSg.?ificant degree i n  t h e  oblique imaging mode, pa r t i cu la r ly  fo r  la rge  of f -  
nadir vieving angles and l a rge  swath w i d t h s .  Figure 5 ind ica tes  hou the 
laage x a l n  changes a s  a funct ion of off-nadir  viewing angle, assuming a 
f ixed imager f i e l d  of  view. The imaging dis tance Pariat ior ,  r e l a t e s  d i rec-  
t l y  t o  pixel sprdad alongtrack. The swath w i d t h  va r i a t ion  shows the  COD- 
bined e f f ec t ;  Qf increasia(;  imaging d is tance  and E a r t h  curvature. 
FigL - c  6 shows t h e  c h a r a c t e r  of t h e  i c t r a i m a g e  d i s c o r t i o n  caused by 
off-nac viewipg a t  la rge  angles. It is  noted t h a t  f o r  s u f f i c i e n t l y  small 
s w a t h  p o r t i o n s  (10-30 km), t h i s  keys ton ing  e f f e c t  can  be k e p t  t o  p i x e l  
le-1 across t h e  frame even a t  ‘arge off-nadir angles. 
A stable imaging platform is  of fundamental importance t o  acquiring 
images  with i n h e r e n t  g e o m e t r i c a l  accuracy .  A t t i t u d e  s t a b i l i t y  i n  t h e  
v i c i n i t y  of loo5 deg / s  is needed f o r  15-m CIFOV In a 60-km f rame  s ize .  A 
l a r g e r  frame s i z e  a t  the same reso lu t ion  impl ies  a point ing s t a b i l i t y  which 
is proportionately more precise.  Given inherent geometrical  accuracy w i t h -  
i n  the image, pointirig accuracy, or a t  least  accurate  point ing knowledge, 
becomes the  next iuji ll~n f o r  geodetic accuracy. Yhen coupled  w i t h  10- 
t o  15-• o r b i t  pos i t ion  knowledge, a O.OCl-deg point ing accuracy w i l l  enable  
geodetic r e g i s t r a t i o n  t o  within one 15-m pixe l  most of the  time. 
Beyond t h e  basic  p l a  tform requlrements, many mission parameters impact 
t h e  a t t a , - i a b i e  accuracy  a s  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  F i g u r e  7 
suggests compensation opt ions  f o r  some of tbe po ten t i a l  image aber ra t ions  
encountered. Thp pr inc ipa l  cause of orthographic image aber ra t ion  is t h e  
image s c a l e  and p i x e l  shape errors caused by o r b i t  a l t i t u d e  v a r i a t i o n s .  
Methods and o p t i o n s  f o r  o r b i t  a l t i t u d e  c o n t r a 1  shou ld  be i n v e s t i g a t e d  
thoroughly  t o  a s s e s s  t h e  p o t e n t i a l  f o r  e r r o r  n i n i m i z a t i o n .  S u c c e s s f u l  
o r b i t  control ,  whether through o r i en ta t ion  and shaping, r e s t r i c t e d  region 
operation, or ac t ive  propulsion, w i l l  benef i t  a l l  imaging modes. Typical 
o r b i t  c h a r a c t e r i s t i c s  and expected devia t ions  are explored i n  Ref. 4-6. 
I n  p r inc ip le ,  c e r t a i n  instrument design f ea tu res  can be used t o  com- 
pensate f o r  po ten t ia l  image aberrations.  If a prac t i ca l  method is found 
for dynamic focal  length var ia t ion ,  image sca l e  problems could be essen- 
t i a l l y  overcome f o r  a l l  imaging modes. Alt i tude va r i a t ions  could be tole-  
r a t ed  f o r  orthographic imagery, geometrical f l a t t e n i n g  and o r b i t  dynaffiics 
could be compensated f o r  s tereographic  imagery, and the  e f f e c t s  of imaging 
dis tance va r i a t ions  f o r  a r b i t r a r y  s i t e  imaging could be ameliorated. If 
focal  plane r o t a t i o n  is f eas ib l e ,  image l i n e  r o t a t i o n  i n  Stereographic and 
o r t h o g r a p h i c  imagery need nc l o n g e r  be a prcblem. T h e  c a p a b i l i t y  f o r  
dynamic v a r i a t i o n  of image l i n e  exposure  time could  be a v e r y  v a l u a b l e  
instrument design feature.  T h i s  f ea tu re  would allow maintenance of square 
p ixe ls  w i t h  consequently grea te r  image r egu la r i ty  and s c a l a b i l i t y  even i f  
the overa l l  image s c a l e  changed w i t h  a l t i t ude .  Without var iab le  exposure 
t ime, instrument e l ec t ron ic s  redesign would br  required t o  obta in  square 
p ixe l s  and var iab le  reso lu t ion  a t  d i f f e ren t  nominal opera t ing  a l t i tudes .  
Given s u f f i c i e n t l y  accurate  anc i l l a ry  data,  compensation f o r  various 
image a b e r r a t i o n s  could  be performed onboard t h e  s p a c e c r a f t .  P r o c e s s e s  
such a s  geometrical  correct ion,  dynamic scal ing,  resampling t o  a ma? gr id  
and r e g i s t r a t i o n  t o  s t a r  references a r e  conceivable and  could enable inher- 
en t  geometric and geodet ic  accuracy i n  images t ransmi t ted  t o  the  ground. 
I f  i n h e r e n t  accu racy  is not  achieved  through t h e  v a r i o u s  p r o c e s s e s  
discussed above, prec ise  o r b i t  and a t t i t u d e  knowledge can s t i l l  be t rans-  
mit ted t o  the ground where var ious high-powered but cos t ly  and slow methods 
can be used t o  compensate f o r  remaining image aberrations.  
The c o n t i n u a l  p r o g r e s s  be ing  a a d e  i n  p e r t i n e n t  technology developments  
h e i g h t e n s  t h e  promise  and va lue  of o b t a i n i n g  i n h e r e n t  g e o m e t r i c a l  and 
g e o d e t i c  imag ing  accuracy .  The p r i n c i p a l  technology is t h e  so!. i d - s t a  t e  
imager developments which make possible t he  acqu i s i t i on  of high r e so lu t ion  
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images w i t h  high signal-to-noise content and with inherent  s p a t i a l  l i nea r -  
i t y  i n  a many-element l i n e  array. The extensions being made t o  a l l o v  a rea  
a r r a y s  make p o s s i b l e  inhereat s p e c t r a l  reg is t ra t ion .  Obtaining adequate 
geometrical accuracy onboard o f f e r s  the hope for optional  onboard informa- 
t i o n  ex t rac t ion  w i t h  consequent t ransmission of only t he  ex t rac ted  infoma- 
t ion t o  the ground. 
P o i n t i n g  p l a t f o r m  technology is i n d i c a t e d  by t h e  f r a c t i o n  of an  a r c  
second s t a b i i l t y  and accuracy (Ref. 7 )  promised f o r  the  Annular Suspension 
a n d  Pointing System (ASPS). W h i l e  t h e s e  d e v i c e s  a r e  s l a n t e d  p r i m a r i l y  
toward i n e r t i a l  point ing needs, extension t o  a nadir-oriented device w i t h  
up  t o  an order-of-  magnitude degradation would s a t i s f y  the  pr incipal  inhe- 
refit accuracy nkeds envisioned here. The N u l  t imiss ion  Hodular Spacecraft  
(HHS!, which is inherent ly  geared t o  E a r t h  observation needs (Ref. 61, a l s o  
shows promise f o r  providing the  loo5 d e d s  s t a b i l i t y  needed f o r  inherent  
geometric accuracy. 
Orbit pos i t ion  knowledge t o  1C m is t a rge ted  f o r  t h e  Global Posit ion- 
ic& System (CPS). T h i s  accuracy is commensurate w i t h  p ixel  leve l  geodetic 
accurzcy a t  15-• GIF@V. Long-ierrr; o r b i t  propagation t o  commensurate accu- 
r a c i e s  i s  po ten t i a l ly  a t t a i n a b l e  using precis ion propagators such a s  GSFC’s 
GE3DYN Program (Ref. 9). The repeat ing nature  of typ ica l  E a r t h  observation 
orb i t s  should allow construct ion and refinement of special ized geopotent ia l  
models su i t ab le  for o r b i t  p rea ic t ion  t o  very high accuracies,  pa r t i cu la r ly  
w i t h  refinement of atmospheric drag parameters and cont inual  updates of t he  
modeled atmosphere. 
Act ive  o r b i t  c o n t r o l  u s i n g  OMS p r o p u l s i o n  on S h u t t l e  m i s s i o n s  I s  
probably a viable  opt ion for short-term image compensatim. Active o r b i t  
c o n t r o l  u s i n g  onboard p r a p u l s l o n  I s  not  obv ious ly  p r a c t i c a l  f o r  free 
f l y e r s .  The p o t e n t i a l  for u s i n g  such  a n  o r b i t  c o n t r o l  mode should be 
determined. 
Continual improvements i n  computing speed, memory, and s i z e  ninimiza- 
t i on  increases  the opt ions fo r  onboard computation. Imaginative u t i l l z a -  
t i o n  o f  t h i s  c a p a b i l i t y  can a l s o  be a s t r o n g  f a c t o r  I n  t h e  a c q u i s i t i o n  of  
inherent ly  accura$e images. 
O v e r a l l ,  t h e  t echcology r e a d l n e s s  is such t h a t  a t t a i n i n g  i n h e r e n t  
geometric and geodetic accuracy i n  the acquired images is a r e a l  pos,sibil- 
i t y  and t h e  necessa ry  r e s e a r c h  and a n a l y s i s  t o  d e f i n e  more c l ea r ly  t h e  
opt ions  and requlrements I s  warranted. 
The CEOCYN o r b i t  propagator should be modified t o  compute nadir orien- 
t a t i o n  and o r b i t a l  pos i t i cn  r e l a t i v e  t o  a t r i a x i a l  e l l i p s o i d  r a the r  than an 
obla te  apberaid f o r  improved geode t i c  accuracy. 
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Continuing research i n  atmosphere modeling is needed t o  predict  more 
accurately the short-term va r i a t ions  i n  drag-related parameters. The cepa- 
b i l i t y  t o  a l l o w  f r e q u e n t  u p d a t e s  t o  t h e  a tmosphere  model i s  warran ted .  
Drag w i l l  c o n s t i t u t e  t h e  major  o r b i t  p r e d i c t i o n  u n c e r t a i n t y  for t y p i c a i  
low- a l t i t u d e  Earth observation missions. 
Procedures need t o  be developed f o r  c rea t ing  i n  rout ine  fashion spe- 
c ia l i zed  geopoteptial  models which take advantage of the  r e p e t i t i v e  nature  
of t y p l c s l  Ea r th  observation o r b i t s  t o  improve predic t ion  accuracy. Thus 
i t  8n c r  b i t  is modif ied  t o  p rov ide  a d i f f e r e n t  coverage  p a t t e r n ,  a new 
gaopotent la l  model of comparable accuracy w i l l  s ho r t ly  ensue. 
Research is needed t o  a s s u r e  t h a t  f o r  bo th  f r e e  f l y e r  and S h u t t l e  o r  
Space Platform missions, t h e  capabi l i ty  will e x i s t  t o  provide a degis  
or betber platform s t a b i l i t y  and point ing cont ro l  accuracy or knowledge as 
a minileum t o  0.001 deg for a nadir-oriented imaging platform. 
Methods of  c o n t r o l  for o r b i t  dynamics a r e  needed t o  d e f i n e  t h e  
requirements and l i m i t a t i o n s  on f rozen  o r b i t s ,  c o n s t a n t  altitude? o r b i t s ,  
m i n i m u m  a l t i t u d e  va r i a t ion  o r b i t s ,  coverage pa t t e rn  maintenance, and a c t i v e  
o r b i t  shaping u s i n g  onboard propuls ion  
A de ta i l ed  inves t iga t ion  is needed  t o  detormlne the  precise  geometri- 
c a l  c h a r a c t e r i s t i c s  of acquired images on a r e p r e s e n t a t i v e  Ea r th  s u r f a c e  
f o r  a c c u r a t e l y  modeled o r b i t s ,  s h o v i n g  geOgi-apbiCal dependence and t h e  
e f f e c t s  of t yp ica l  off-nominal mission cha rac t e r i s t i c s .  
There is a po ten t i a l ly  h igh  payoff i n  acquired image qua l i ty  i f  dyna- 
mic va r i a t ion  of instrument parameters can be implemented i n  a prac t i ca l  
way. S igni f icant  research i s  warranted t o  f i n d  a r e l i a b l e  mechanization 
for  var iab le  foca l  length f o r  imaging d is tance  compensation on spaceborne 
t e l e s c o p e - t y p e  ins t ruments  o f  t h e  k i n d  e n v i s i o n e d  f o r  Ea r th  o b s e r v a t l o n  
mis s ions .  S i m i l a r l y ,  a mechanism is needed t o  provide  commanded f o c a l  
plane r o t a t i o n  one cycle each o r b i t  f o r  thousands of o r b i t a l  revolutions.  
T h i s  mechanism would be used t o  maintain image line parallelism i n  image 
frames. 
Dynaspic va r i a t ion  of image l i n e  exposure t ime is simple t o  implement 
i n  p r inr ip le .  However, there  a re  doubt less  unforeseen imylica t i o n s  in the 
r e s u L t i n g  v a r i a t i o n  of d a t a  a c q u i s i t i o n  r a t e s  and p o s s i b l y  some image 
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radiometry impl ica t ions  as well. Research is needed t o  f ind  an acceptable 
implementation scheme, thus allowing f r e e  va r i a t ion  i n  o r b i t  a l t i t u d e  and 
image r e so lu t ion  without d i s t o r t i o n  i n  p ixe l  ahapes. 
A22xuuw 
It has been shown t h a t  s ign i f i cen t  abe r ra t ions  can occur i n  acquired images 
which, u n l e s s  codpensa ted  on board t h e  s p a c e c r a f t ,  can s e r i o u s l y  i m p a i r  
throughput and t imel iness  for typ ica l  Earth observation missions. Concep- 
t u a l  compensations opt ions were advanced t o  enable acqufsi  t i on  of images 
w i t h  inherent  geometric and geodetie accuracy. Research needs were iden t i -  
f l e d  which, w h e y  implemented,  w i l l  p rov ide  i n h e r e n t l y  a c c u r a t e  images.  
Agressive pursui t  of these research needs is recommended. 
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8.9 -4 Concept for a Future Ground Control Data Set far Image Correction 
Ralph Bernstein 
IBM S c i e n t i f i c  Center 
Palo Alto, CA 94304 
ABSTRACT 
S t r i p s  of ground con t ro l  can be e s t ab l i shed  wi th  cu r ren t  and f u t u r e  
s a t e l l i t e  sensorg.  These can provide p rec i se  and r e i i a b l e  geometric 
re ferences  €or loca t ing  and co r rec t ing  s a t e l l i t e  image d a t a  and t o  support  
temporal image r e g i s t r s t i o n .  This  paper b r i e f l y  descr ibes  t h e  concept and 
approach fo r  implementing t h i s  daca base c a l l e d  a Ground Control S t r i p ,  
and recomends add i t iona l  work. The advent of new s c l i d  s ta te  imaging 
systems, iii p a r t i c u l a r  t h e  l i n e a r  a r r ay  de tec to r s  (pushbroom senso r s ) ,  
make t h i s  new concept p a r t i c u l a r y  a t t r a c t i v e  and p r a c t i c a l .  
INTRODUCTION 
Image d a t a  s u f f e r s  from scme degree of geometric e r r o r .  The e r r o r  sources  
a r z  due t'o sensor  c h a r a c t e r i s t i c s  and imperfect ions,  t o  s a t e l l i t e  
a t t i t u d e  per turba t ions ,  and t o  o r b i t  decay and e c c e n t r i c i t y  e f f e c t s .  The 
ex te rna i  geometry of a s a t e l l i t e  can be determined from star t r a c k e r s ,  
horizon sensors  and gyrc-compasses, i n e r t i a l  p la t forms ,  and ground 
re ference  o r  con t ro l  p o i n t s .  Geonetr ic  errcrs a r e  c u r r e n t l y  p r e c i s e l y  
determined and cor rec ted  by t h e  us2 of ground concrol  p o i n t s ,  which a r e  
t y p i c a l l y  32x32 p ixe l  subinagss :xed  t o  e s t a b l i s h  inage geometric errors 
(Bernstein,  1975,1976,  and Kiblack, 1981). 
A ground con t ro l  po in t  is a subimage which includes n a t u r a l  o r  cu lcura l  
fea:ures use? t o  e s t a b l i s h  a ground re ference  poin t  t o  support  image 
co r rec t ion  and r e g i s t r a t i o n .  These f ea tu res  are se1ec:ed t o  have t h e  
c h a r a c t e r i s t i c s  t h a t  they can Se p rec i se ly  located i n  t h e  image and on the  
maps. D i g i t a l  ground con t ro l  po in t s  have been used f o r  about a decade. 
These have replaced "f i lm chip" ground con t ro l  po in t s  commonly 7ised i n  
e l e c t o - o p t i c a l  inage processing systems. Given a s u f f i c i e n t  number or' 
ground con t ro l  po in t s ,  a scene can be cor rzc ted  tg sub-pixel  imsge 
accuracy (see Fig.  1 ) .  T t  is apparent from Figure I thii t  many GCP's, high 
r e so lu t ion  d a t a ,  and sub-pixel  r e g i s t r a t i o n  algori thms a r e  needed LS 
o b t a i n  high image gecmetry accuracy. 
?. &he prcb lem L i t h  using conventional grcund con t ro l  po in t s  i s  t h a t  t!ic 
f ea tu re s  a r e  i n i t i a l l y  s e l e c t e d  and scored manually, and pe r iod ica l ly  
manxally upda:ed. This opera t ion  is time-consuming, nxuensive, and errcr 
p7or.e. I n  add i t ion .  f ea tu re s  t h a t  a r e  cornrxonly s e i e c t e d  a r e  thosz 
pyeferred by the  human eye,  and not necessa r i ly  those t h a t  are Ses t  for  
machine r e g i s t r a t i o n .  
P a p r  ?reser, ted tit :bo, SASA Regi s t r a t ion  and Rectification Workshop, 
Seesburg, L A . ,  Xov. I i - 1 9 ,  :931. 
Linear  a r r a y  s e w o r s  have been proposed t o  suppor t  e a r t h  o b s e r v a t i o n  
~ p p l i c a t i o n s  (k'elch, 19'1, Thompson, 1979, Tracy and No11,1979, Wight, 
1 9 7 9 ,  Colovocoresses ,  1 9 7 9 ) .  T h i s  note  d i c u s s e s  how t h e s e  secsors can 
imDlement a new approach t o  e s t a b l i s h i n g  a world-wicie network 6' ground 
c o n t r o l  called a Cround Cont ro l  S t r i p  (GCS). 
MOTIVATION FOR NEW APPROACH 
Elotivating f a c t o r s  for a ner; approach t o  ground c o n t r o l  were i d e n t i i i e d  a t  
t h e  YASA R e g i s t e r a t i o n  sild R e c t i f i c a t i o n  Workshop dnd are summarized: 
Higher Resoiution Ground Control Data - Users and a n a l y s t s  have 
determined t h a t  t h e  accuracy of e s t a b l i s h i n g  grcund c o n t r o l  is c l o s e l y  
re!ated t o  t h e  r e s o l u t i o n  of t h e  source  d a t a .  Thus it is advar,tageous to 
o b t s i n  and use  h igher  r e s o l u t i o n  data f o r  e s t a b l i s h i n g  ground c o n t r o l .  
Higher Accuracy Source Data - Due t o  spacecrsfc s t r u c t u r e  bending and 
v i b r a t i o n ,  elxen s t ~ r  t r a c k e r s  w i i  1 noc provide  s u t f i c i e n t  l y  a c c u r a t e  
e x t e r n a l  o r i e n t a t i o n  d a t a  K i t h c u t  a d d i t i o n a l  in format ion  such as a n g u l a r  
displacement  sensor  chta.  The use of sensor  coilpled d a t a  has t h e  ddi.-ant3ge 
cf d i r e c t  a:.! close coupl ing  of  t h e  d o t s  used  for image c o r r e c t i o n  w i c : t .  
t h e  d J t f  t o  be c o r r e c t e d .  There a r e  ~ : o  Sta t ic  or dynamic errors  a s s a c i a t e d  
s i t i i  using caupled imge dsu. 
More Cround Control Data - Csers have i r i d ~ c ~ t e d  t h a t  more ground c c n t r o l  
ddta  is ncetled. 3nd shcu!d be mdde avdi l . ib lc  t o  t h e  u s e r  community. This 
~ ; > p r o a c h  d i r e c t l y  canstructs l a r g e  geometry c o n t r o l  d a t a  bass  d u r i n g  
mission o p c r s t ~ o n .  
Compatible Sensor and Ground System - TI;e sensor axid t h e  ground sys:tim 
s!iould be designcd ,is ;In i r i t egrs ted  system. !i i th t h i s  ap!jro;ich, the s e n s a r  
system is designed i n  Qrdcr t o  iinprove ground process  ins ope ra t i an  
cf i id i tx icy  dnu imdge a c c u r ~ c y ,  d i i c h  may r d u c e  mission s y s t m  iosits. 
- 
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I t  is apparent t h a t  s a t e l l i t e  r o l l  and p i t c .  can be accura te ly  determined 
w i t h  t he  GCS approach. Ta determine yaw accura t e ly ,  it may be necessary tci 
use  an out - r igger"  network of ground con t ro l  d a t a .  This  ques t ion  w i l l  
involve a complete error a n a l y s i s  wi th  a p a r t i c u l a r  set  of condi t ions .  
71 
SIZE OF DATA BASE 
9 prel iminary a n a l y s i s  of the  d a t a  base ind ica t e s  t h a t  the ground con t ro l  
s t r i g  concept is p r a c t i c a l  from t h e  point of vikw of t h e  data storage 
requirements.  
For the  Landsat-D stlt.ei;iLe r ~ s s i o n ,  t h e  f o l l w i n g  o r b i t a l  parameters 
apply (>ASA, 1981): 
Reneat r e r iod :  10 days 
C*uirs/Sepeat Period: 233 
;race Spacing: 172 km 
The cr,*ss-track o r b i t a l  d r i f t  w i i l  be approximately L55 rn RSS (1-cigma). 
This corresponds t o  about 25 Landsat-D p i x e l s  d r i f t  UC', of the  time. I f  
one assiunes a ground con t ro l  region four  times wider or a 1820 m Kide 
s t r i p  e n c i r c l i n g  the  globe used €or ground c o n t r o l ,  and a 7 . 5  m r e so lu t ion  
ground con t ro l  d a t a  base ,  and f u r t h e r  s i n c e  the  ccaans cover &bout 75% of 
t h e  e a r t h ,  than  t h e  t o t a l  grsund conrro l  s t r i p  data bsse woull  be: 
e 
655xL rn x 233 o r b i t s  x 40x10 miorbi t  
7.5 m/pisel  x 7 . 5  m/pixel 
Data Ease = x d . 2 5  
Thus, t he  Ground Control S t r i p  da ta  bdse zequirement is  w i t h i n  t i i t ?  
c a p c i t y  of cu r ren t  mass momory systems. and a f u l l  e a r t h  d a t a  base could 
easily f i t  wi th in  t e n  high dens i ty  tapes .  
TIME TO ACCUMULATE DATA BASE 
The o r b i t  rcpevt per iod for the Landsst-D mission is l o  days. h c  t o  
cloud cover, and the poss ib le  need for d a t a  aver  d i f i e r i n g  seasons. the 
t ime LO sccumu!.!te the GCS da t a  base ~ o c l d  become lJrger. Assuming c l i ~ ~  
5dY, of t h e  time c l o d  cover can  es is t  in  2 p a r t i c u l a r  area, there boiild 
s t .~ t i s : i ca l ly  be (1 trinimum time of seven le-dab periods or il2 dctys :n 
crder ts hJve 93% ot the ared covered. There are c c r t J i n  a r e d s  over the  
d d r L h  where the  per s i s t ence  of cloud cover may require up to severd l  yeLlrb 
pr id r  i o  c l m d  tree dcqu i s i t i on .  
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ADVANTAGES OF APPROACH 
There a r e  a number of advantages of t h i s  approach: 
Automatic Collection of Reference Data - The s t r i p  of ground con t ro i  is  
au tomat ica l ly  co l l ec t ed  and s to red .  This  minimizes t h e  need for manual 
ground con t ro l  s e l e c t i o n .  
3 
High Resolution Control Data - The use of high r e s o l u t i o n  d a t a  i n  t h e  
region of ground con t ro l  provides t h e  needed r e so lu t ion  to support  p r e c i s e  
e x t e r n a l  gecrnetryddetermination m d  image co r rec t ion .  
High Density Ground Control - The contiguous d a t a  provides a dense dat-a 
set  f o r  image loca t ion ,  co r rec t ion ,  and r e g i s t r a t i o n .  This  dense netxork 
is an improvement over t h e  r e l a t i v e i y  spa r se  network of ground con t ro l  
currer i t ly  i n  exiscence and allows for automated a l t e r n a t i v e  area 
seiection. 
Decreased Sensitivity to Cloud Cover - The continuous and extended d a t a  
s e t  a v a i l a b l e  with t h i s  approach should r e s u l t  i n  a 1or;er s e n s i t i v i t y  t o  
cloud cover.  When cloud cover occurs and is de tec t ed ,  a l t e r n a t e  nearby 
c loud-f ree  ground con t ro l  daca can be s e l e c t e d  and used t o  e s t a b l i s h  the  
geometic parameters.  In  f a c t ,  t he  continuous na ture  of che d a t a  coupled 
wir;h t h e  s t a b i l i t y  of new s a t e l l i t e ,  such as t h e  Landsat-0 ( 0 . 0 1  degrees 
and 1 C - b  degrees i sez)  zi?ould allor; f o r  long segment and perhzps o r b i t a l  
geoae t r i c  rnsdals and co r rec t ion  pa izae t e r s  t o  be de te rn inea .  
Multi-Mission Capabi!ity - The Ground Control S t r i p ,  having high 
r e so lu t ion  c h a r a c t e r i s t i c s ,  should be useable  for o the r  missions with 
sensors  af similar saectral c h a r a c z e r i s t i c s -  
FUTUREWCRK 
The f s l l ~ ~ i n g  needs t o  be done co adequately assess t h e  va lue  of t h i s  
a;?proach : 
Error Analysis - An e r r o r  anal>-is of :ne approsc!; ?.eeds t o  be per fcrned ,  
assc.ning a s e t  of s. i tel!i te a t t i t u d e  and o r b i t  c h a r a c t e r i t i c s  and sensor  
parameters.  The Landsat-D a tz icude  con t ro l  system c h a r a c t e r i s t i c s ,  and a 
v a r i a b l e  set of sensor  resolucion paramet. : s  shouid be used t o  predicc che 
resu lzant  inage geometric c h a r a c t e r i s c i c s .  X s t a t i s t i c a l  ana lys i s  of 
c locd co\-er r;cu!d Se riecessary in order  t o  determice t h e  ava i i ab le  amount 
c i  grol;nc?. con t ro l .  
Data Management Anal):is - A d e t a i l e d  a n c ? l y s i s  of the  ddta  a c q u r s i t i c n ,  
s e l e c t i o n ,  ea: t ing,  s to rage ,  and r e t r i e v a l  cf t he  da:a needs t o  be  
ccnsidered.  Since t:iis coricept ;nvo:ves t!-.e l!<e of a l a r g e r  ddcd sei t h a n  
previo!sly coxsiaercd,  t h i s  3na:ysis is particu:d: 1y imFortant.  
Cost Analysis - X s tady  t o  absess t h e  COS: of t5.is apprzac:? needs t o  be  
considered.  The  cos t  s a v i n g s  r e s u l t i n g  from the  ?utsmation of t5.e 
compi!ation of ground reference d s t a  zay be p a r t i a l l ? .  O i T s C C  by  :he 
inczeased ccst associated s i t h  L L C ~  s t i )x~gr l ,  processsing and mna;;me::c. 
. _  
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CONCLUSIONS 
A concept has been proposed that may improve the correction of remotely 
sensed image data from satellites. This approach may reduce the time and 
costs associated with building a ground control point library system, and 
uould result in a larger and higher resolution data base to support image 
preprocessing. The new data, called a ground control strip is practical 
with todays storage and processing technologies, and could be developed 
for the next generation earth observation satellites. The design of the 
sensor system shduld be done in conjunction with the ground system, as the 
parameters are inter-related. Stady efforts are necessary in order to 
adequately assess and evaluate this concept. 
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CURRENT STATUS OF METRIC REDUCTION OF (PASSIVE) SCANNER DATA* 
&& 6% J * 
E.H. Mlkhail and 3.C. McGlone, Purdue University b k< 
,&A * 
Invited Paper , Commission I11 (WGIII-1) 
14th Congress of the International Society for  Photogranmetry 
J u l y  13-25, 1980, Hamburg, FDIl 
ABSTRACT : 
General discussiori of extraction of metric information from scanner (par- 
t i cu la r ly  multispectral) data is presented. Consideration i s  given to: 
data frao both a i r c r a f t  and spacecraft: s i n g l y  scanned areas and areas 
w i t h  m u l t i p l e  coverage: various mathematical models used up  t o  the pre- 
s e n t  time; and published nunerical resu l t s .  Future t r ends  a r e  a lso d i s -  
cussed. 
1. INTRODUCTION : 
The emphasis i n  t h i s  paper is on the r e s u l t s  fran passive sensor (par t icular ly  
multispectral scanner) data,  because another invited paper is given i n  t h i s  
Congress on active sensor data. It follows the excellent account by Konecny 
(12) on the geanetric res t i tu t ion  of remote sensing data where mathematical 
models, procedures, and nunerical r e s u l t s  obtained by 1976 were given. For 
ease i n  presentation, one section br ie f ly  describes a l l  models u s e d .  'hen,  a 
separate section i s  devoted to  the applications w i t h  s a t e l l i t e  and a i r c r a f t  
data. Another section discusses mu1 t i s e r i e s  data. 
2. BASIC MATHEMATICAL MODELS 
I n  the metric reduction of d i g i t a l  image scacner data ,  a mathematical model is 
used to represent the platform/sensor imaging character is t ics .  A l l  the pub- 
lished models can be classif ied into essent ia l ly  t w  groups. i n  the f irst  
group, a parametric model based on the well known col l inear i ty  condition i s  
used. On t h e  other hand, t h e  second group includes a l l  models which are  i n -  
terpolative i n  nature. Each of these groups, w i t h  its iudividual modeling 
process, is  discussed i n  separate section. 
2.1 Parametric Models 
The basis for  these models is the col l inear i ty  condition tha t  the center point 
of an  image element o r  p i x e l ,  the point representing the instantaneous projec- 
t ion center,  and the center p i n t  of the corresponding terrain resolution ele- 
ment, a l l  l i e  on a s t ra ight  l ine .  I n  addition t o  the pixel locations (corres- 
ponding to image coordinates) and the object point coordinates, t h e  coll inear- 
i t y  equations usually contain s i x  elements of exterior orientation. Theoroti- 
cal ly ,  because the platform is continuously movirg, there a re  six elements for  
each pixel (assunring a scanner). However, because of the relat ively short  
time period of scanning one l i n e  of imagery, i t  is common t o  ccnsider only one 
s e t  of  s i x  elements for  each l i n e  (which makes i t  equivalent t o  l inear  array 
scans).  And even w i t h  t h i s  assumption, i t  is easi ly  seen tha t  there would be 
Basic reference paper reprinted for  Workshop. 
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an excessive ?mber of exterior orientation elements for  any s ignif icant  nun- 
ber of image l ines .  Since these elements a r e  almost always unknown a more 
practical  approach 13 used. 
For each element, some function is  used t o  mathematically model i t s  behavior 
t r e n d .  T h u s ,  fo r  one element, the function selected represents i t s  .-ariation 
w i t h  time, or equivalently w i t h  the "line" number i n  the d i g i t a l  image. ( T h e  
l i n e  nmber i s  used i n  a manner similar t o  t h e  use of x image coordinate i n  a 
f r m e  photograph.) 
The S i x  elements of exter ior  orientation a re  Xc, yc, zc which are posit,iona:, 
and w , + ,  K which' are  rotat ional ,  While these elements a re  stochastically un- 
cdrrelated i n  the frane photography case, there are  very high correlations i n  
Scanner imagery between the I n  
order to  deal w i t h  t h e  correlation between w and Yc,  most Scanners a re  r o l l  
s tabi l ized,  t h u s  constraining w t o  zero. Another possible solution for  a i r -  
c r a f t  scanner imagery is t h e  use of sidelapping data s e t s ,  i n  order t o  makew 
recoverable. The a b i l i t y  t o  recover both + and X, is  di rec t ly  dependent on 
t h e  terrain r e l i e f  re la t ive  t o  the height of the scanner above the terrain.  
The greater the r e l i e f  differences,  t h e  lower the correlation. Another possi- 
b i l i t y  is t o  record the values of U,t$* Xc,  o r  Yc i n  f l i g h t ,  then apply  these 
values d u r i n g  the geometric processing. However, the most canmon procedure i s  
to constrain both u and + t o  zero during the adjustment and make no attempt t o  
recover the i r  values. 
and yc parameters and + and Yc parameters. 
2.1.1 O r b i t  Modeling for Images From Spacecraft 
Perhaps the most d i r e c t  method for functionally expressing the exterior orien- 
ta t ion elements for  spacecraft images is t o  model the v e h i c l e  motion by ideal 
o r b i t  parmeters.  Bahr (1 ,2 )  recommended the use of the s i x  parameters of the 
orbi t :  semimajor a x i s ,  a ;  eccentr ic i ty ,  e ;  inclination of o r b i t a l  plane, i; 
r i g h t  ascension of ascending node G; mean anomaly, MT; a,d the argument of 
p e r i g e e o ~ .  , A ,  r 
as  well as nominal heading pn can be calculated as  functions of time. tround 
points a r e  then related to the image points us ing  the co l l inear i ty  equations. 
I n  these, w h i l e  the rotational elements ( u , t # ) , K )  of exter ior  orientation ap- 
pear, the positional elements are  now replaced by functions o f  t h e  o rb i ta l  
parameters. S m d 1  ang le  approximations a r e  used for  U , + K  t h u s  avoiding the i r  
t r i g  onome t r l c  functions. 
If these parmeters are  known, then the s a t e l l i t e  position 
A further improvement over the orb i ta l  modeling is effected by Rifman et .  a l .  
(5,221, where a l inear  sequential estimator, or a Kalman f i l t e r ,  is developed. 
It is used t o  estimate 2 13-component s t a t e  vector from ground control points. 
lbelve of these canponents are  the coeff ic ients  of cubic  polynomials i n  time 
for  the sensor a t t i tude ,  and one component is for  a t t i tude  bias.  'This sequen- 
t i a l  estimation scheme of fers  several advantages: ( a )  fewer numbers of ground 
control points are  required t o  achieve a given performance level ;  ( b )  search 
areas for  ground control p o i n t s  become smaller i n  size w i t h  each s t a t e  vector 
update, permitting more rapid location of each successive point: ( c )  sequen- 
t i a l  editing of control points is possible without having to process a l l  con- 
t r o l  points f i r s t ,  t h u s  control points can be redefined o r  deleted as part  of 
the editing process. 
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2.1.2 Vehicle/Sensor Modeling by Polynomials 
Each of the s i x  exterior orientatloi. elements can be represented by a polynom- 
i a l  of a sui table  jrder (3,9). The selected polynomial would apply t o  a ceg- 
ment of imagery w i t h  the corresponding set of coefficients.  Another s e t  of 
coeff ic ients  w u l d  be calculated for  the second image segment, and so on. 'he 
degree of the polynomial depends, among other things, upon the length of t h e  
segments. One possibi l i ty  i s  t o  take long segments with higher order polynom- 
i a l s :  another is shorter segments w i t h  l inear  polynomialz. me la t ter  case 
seems to  work better, a t  l e a s t  for  a i r c r a f t  MSS data (9). 
The b e s t  application of the polynomial modeling is t o  replace t h e  h i g h l y  non- 
l inear  col l inear i ty  equations by t h e i r  d i f f e r e n t i a l ,  and t h u s  l inear ,  form. 
Then the change i n  each element carried , (e.g. , dYc, d+, e t c  .) is written as  a 
polynomial i n  the image x-coordinate (which is  essent ia l ly  equivalent t o  
time). After substi tution of these polynomials into the pair of d i f fe ren t ia l  
formulas and reduction t o  equations a re  obtained, one for X and the other for 
Y coordinates of the object point, When several image sections a r e  used a t  
t h e  same time, constraint  equations a r e  written a t  the section j o i n t s  t o  guar- 
antee uniqueness of the object coordinates. 
2.1.3 Sensor Modeling Using Harmonics 
An a l ternat ive t o  us ing  polynomials i s  t o  use Fourier series expansion f o r  
each of the exterior arientation elements. 'he sine and cosine functions ore 
usually i n  terms of r a t i o s  of the image coordinates and an equivalent of a 
constant time interval which is  appropriately chosen for the frequency of the 
given data. The l inear izat ion of the harmonic equations requires a somewhat 
d i f fe ren t  procedure than t h a t  usc for  the case of polynomials (12).  
2.1.4 Autoregressive Model For Sensor 
All the models discussed so far  make use of a deterministic model by w r i t i n g  
specific functions t o  represent the behavior of the exte-io! orientation ele- 
ments. Another a l ternat ive is t o  regard such behavior as  stochastic rather 
than deterministic and employ an autoregressive model for the purpose. Of  the 
many possible autoregressive processes, the Gauss-Markov , both f i r s t  and se- 
cond order, have been suggested ( 7 )  and applied t o  a i r c r a f t  MSS data (8,9,10, 
11,14,15). 
A Causs-Markov process is based on the Markovian assumption t h a t  the value of 
the process a t  any time depends only on the previous one or t w o  values, dspen-  
d ing  on whether a first- or second-order procers i s  assumed. Equations re la t -  
ing the t h e  orientation parameters of each l i n e  t o  those of the one or t w o  
preceeding l i n e s  a re  used to  rude1 the sensor behavior. Control point infor- 
ination is included by the use of the d i f f e r e n t i a l  co l l inear i ty  eqbaticns. 
2.2 Interpolative Models 
I n  the procedwes employing these models no attempt i s  made to  model t h e  sen- 
sor/platform behavior, a s  I n  the case of using the co l l inesr t ty  conditions i n  
the parametric approach. Instead , some function or  relationship i s  selected 
between t h e  X,Y coordinates i n  the object space and x,y (or  row, colunn) i n  
the image space, and assumed to represent the mapping from one space t o  the 
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other .  There a r e  two groups o f  methods: one i n  which a general  transforma- 
t i o n  is used f o r  t h e  entire image record ( o r  segment t h e r e o f ) ,  and t h e  o ther  
? -  which a different function is used f o r  each poin t  to  be in te rpola ted .  Each 
o f  these  w i l l  be discussed separately.  
2.2.1 In te rp3la t ion  Methods Using Cen2ral Transformation: 
The group of  procedures here employ a pa i r  of funct ions (one f o r  X ,  and one 
f o r  Y )  which holds fo r  a l l  po in ts  i n  the  image. This l e a n s  t h a t  the numerical 
values  o f  the  coe f f i c i en t s  i n  t h e  equations a r e  t h e  same fo r  each o f  t h e  
po in ts  o f  interest  in t h e  image. By image we  mean one segment o r  record.  
Thus, i f  we are.working v i t h  only one image segment, there w i l l  be only one 
set of transformation coe f f i c i en t s .  However, i f  there  a r e  more image segments 
( i n  o ther  words, i f  the  image record is segmented i n t o  several  s e c t i o n s ) ,  each 
sec t ion  w i l l  have a set of  coc ' f ic ients  w i t h  d i f f e ren t  nunerical  values.  It 
is  usually advisable  t o  enfGrce cons t r a in t s  a t  the borders  between successive 
segments . 
Ihe transformations used include the  following: ( 1 ; Four-parameter transforma- 
t i on  which is a130 ca l led  two-dimensional l i nea r  conformal, Helmert, o r  simi- 
l a r i t y  transformation; i t  represents  a uniform sca l e  change, a ro t a t ion  be- 
tween Xy and xy axes,  and t w o  s h i f t s .  ( 2 )  Six-parameter o r  a f f i n e  transforma- 
t i o n ,  which includes two s c 2 e  changes, one rotat.lon, skewness o r  nonperpendi- 
c u l a r i t y  of t h e  axe;, and t w o  s S i f t s .  (3 )  Eight-parameter pro jec t ive  trans- 
format.inr, ri1ic.h represents  a rotcotion and t w o  s h i f t s  i n  each of  t h e  t w o  
planes (XY  and x y ) ,  and a tilt betweea t h e  planes which is combined w i t h  s c a l e  
t o  produce a continuously changing s c a l e  along l ines of  maximum tilt .  (4) 
General polynomials o f  varying degrees;  these  a r e  u s u a l . 1 ~  of higher thar. t h e  
f i r s t  order  (which would be t h e  foiir- or six-parameter transformation.j  t he  
choice of degree de,pends on the  len&t'- o f  t h e  image segnent. 
2-2.2.1 Weighted Mean 
For t h i s  technique, a weight function is selected which i s  inverse ly  propor- 
t i ona l  t o  a function of  t he  d is tance  between the point t o  be interpolated and 
other  reference points .  T h u ~ ,  t he  c loser  is a reference point  t h e  more is i ts  
contr ibut ion t o  the interpolated value,  and v i ce  versa .  A t  any point  of i n -  
terest ,  the  required vector  (usua l ly  calculated in two components) is obtained 
a s  the weighted mean of a l l  vec tors  a t  reference points  surrounding t h e  point .  
The choice of the  weight e f f ec t ive ly  determines the limit of  the  region w i t h i n  
which reference p o i n t s  a r e  used to  est imate  a t  the  c e n t r a l  point  o f  t h e  re- 
gion. 
2.2.2.2 ).!oving -9verages 
T h i s  is a generdl izat ion of t h e  weighted mean procedure which allows g rea t e r  
f l e x i b i l i t y  i n  point in te rpola t ion .  'he  x- and pcomponents of the interpo- 
la ted vector a t  a point a r e  written as funct ions c;f t h e  coordinates  o f  r e fe r -  
ence points  surrounding t h e  point.  Six-parameter a f f i n e  equat ions,  o r  se- 
cond-order polynomials may be used fo r  t h e  purpose. Usually a s u f f i c i e n t  num- 
ber of reference points  is used to  y i e l d  an over determinat ion,  and the coef- 
f i c i e n t s  of the functions a r e  estimated by weighted l e a s t  squares.  As before,  
t h e  weights a r e  evaluated f r m  a function with t h e  d i s t ance  between t h e  points  
in question and reference pc in t s  az the  argument. Once these  c o e f f i c i e n t s  a r e  
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calculated, they are  s u b s t i t u t e d  back in tc?  the function to  compute the desired 
vaiue. It i o  important t c  qote t h a t  a new set of coeff ic ients  m u s t  be calcu- 
lated for each p o i n t  t o  be interpolated. 'his usually makes the procedure 
canputationally time consuning. Finally, it can be seen than when the select- 
ed functions are  truncated down t o  only the zero order terms the procedure 
reduces t o  t h e  weighted mean. 
2.2.2.3 Meshwise Linear 
I n  t h i s  method, the reference points a re  connected into adjacent cr contiguous 
meshes such a s  t r iangles  or quadrilaterals.  Ihe reference p o i n t s  forming the 
mesh that  incldd'es the p o i n t  to  be interpolated a re  used for t h e  purpose. Us- 
ual ly  a six-parameter aftitie transformation is used. The method is cmputa- 
t ional ly  e f f i c i e n t  w i t h i n  each mesh, but  the formation of the reshes may be 
time consuming. Also unless a severe condition is pldoed on the reference 
points, t h e  solutton for pcints on the boundary of the image nay n D t  be accur- 
a te  due t o  extrapolation. 
2.2.2.4 Linear Least Squares Predic-ion 
This method t r e a t s  the vectors a t  the reference points as  a randon f ie ld .  'I?? 
covariance function associated w i t h  t h i s  f i e ld  js e i ther  asscmed a pr ior i ,  or 
i t s  shape is assuned and the nunerical psraneters calculaLed fran the data 
(13) .  As applied, both stat.ionarity and isotropy of the f i e l d  are  assumed. 
Ttis may be true for qome data (e.g., S a t e l l i t e  MSS! b v t  not fcr oiker (e.&., 
a i r c r a f t  MSS) . Froa the covariance function, the autocovariance matrix for 
data a t  the reference p a i n t s  is evaluated. Also t h e  crosscovariarce matrix 
(or vector) oetween the point t o  be intcrpolated and the refereme poifits is 
also needed. these, and the data vector at. the reference points are vs?d co 
calculate the value a t  the point of point data d i rec t ly  or f i l t e r i n g  the <'eta 
for  known er ror  proportion. m e  amount of f i l t e r i n g  can a lso  t l r .  selectcd. 
3. APPLiCATIONS TO SPACECRAFT DATA 
The most widely used spacecraft data Is t h a t  obtained from the LANDSdT : j t : les 
of satel1i ';es (see Ta' l e  1). Because of t h i s ,  the majortty cf work on L2ome- 
t r i C  properties of s a t e l l i t e  data has been expended on LAN!JSAT. Interest  f n  
the Skylab conical scanner data has declined since the terminatioir of the Sky- 
lab project. 
Work on L A N E A T  {magery has been mos?.ly concerned w i t h  s ingle  scene proces- 
sing, w i t h  some a t t m p t s  a t  s t r i p  and block t r iangula t im.  
Bahr (1 ,2 )  used LANDSAT and NIMBUS imagery t o  c0mpa.e accuracies achieved by 
using a conformal transformation , second-order p)lynomials, the col l lnear i ty  
condition, and l inear  l e a s t  squares prediction. 
Borgcson (4) reported on accuracy t e s t s  of b u l k  corrected images from the EROS 
dat? center,  using 3 ,  4, 5, and 6 parameter transformations t o  check residual 
deformation l e f t  a f t e r  b u l k  processing of the imagery. 
Rifman e t .  a l .  (5,?2) sLudies the use of a Kalman-filter-type estimator for 
regis t ra t ion of images fran LANDSAT 1 and 2, as well as  for  regis t ra t ion of 
images from tile same sensor. 
D e r o u c h i e  (6) used a s t r i p  of  11 image s e g m e n t s  t o  s t u d y  c o n t r o l  d e n s i t i e s  
n e c e s s a r y  for v a r i o u s  a c c u r a c y  l e v e l s .  H i s  c o n c l u s i o n  was t h a t  the  optimm 
s p a c i n g  of c o n t r o l  was e v e r y  100 mirror sweeps, or 600 image l i n e a ,  
Li t t le  use has b e e n  made of o v e r l a p p i n g  satell i te imagery .  Welch and Lo (23’ 
report o n  the  u s e  of a I-micrcmeter  p a r a l l a x  bar combined w i t h  a Bausch and 
Lomb Zoom 70 S t e r e o s c o p e  t o  o b t a i n  e l e v a t i o n  d i f f e r e n c e s .  Up t o  n i n e  c o n t r o l  
p o i n t s  were r e a d  i n  each mdel ,  t h e n  a p o l y n o m i a l  was used  t o  correct for s y s -  
tematic errors. b e  t o  t h e  small scale and low b a s e / h e i g h t  ra t io  cf t h e  imag- 
e r y ,  a c c u r z c i e s  of o n l y  2CO to  300 meters were o b t a i n e d .  
n e  S k y l a b  S-192 s c a n n e r ,  w i t h  its c c n i c a l  s c a n  p a t t e r n ,  p r e s e n t e d  special 
$eometric 2roblems. h r p h r e y .  e t .  a l .  (18) p u b l i s h e d  a p a p e r  e x p l a i n i n g  t h e  
g e m e t r y  of t h e  s c a n n e r  and g i v i n g  a method for geometric c o r r e c t i o n  of + 
data .  The s u g g e s t i o n  was t o  u s e  t h e  o r b i t a l  p a r a m e t e r s  of t h e  sa te l l i t e  -n 
c o l l i n e a r i t y  e q u a t i o n s  t o  d e t e r m i n e  a f i f t h - d e g r e e  p o l y n o m i a l  t o  t r a n s f o r m  t h e  
image space i n t o  object s p a c e .  T h i s  p o l y n o m i a l  is used  t o  t r a n s f o r m  a d e n s e  
g r i d  of isage p o i n t s ,  t h e n  the  r m a i n i n g  p o i n t s  are  d e t e r m i n e d  k y  l i n e a r  in -  
t e r p o l a t i o n  d u e  t o  economic c o n s i d e r a t i o n s .  No predicticss o r  c h e c k s  Yere 
made of a c c u r a c y  a c h i e v e d .  
.rhlhotra (16,li’) conducted  a c c u r a c y  tests o n  t h e  S k y l a b  s c a n n e r  imagery .  The 
first phase of h i s  work i n v o l v e d  u s i n g  a parametric model and o b t a i n e d  a c c u r -  
acies o f  4 p i x e l s ,  or a b s u t  300 meters. Another  phase i n v o l v e d  t e s t i n g  t h e  
a c c u r a c y  of g e n e r a t e d  f i l m  images  u s i n g  an  a f f i n e  t r a n s f o r m a t i o n  t o  test  for 
r e s i d u a l  d i s t o r t i o n s .  A c c u r e c i e s  r a n g e d  fran 105 t o  250 meters. 
4. MPLICATIONS TO AIRCRAFT DATA 
L i t t i e  work i s  p r e s e n t l y  b e i n g  d o n e  o n  a i rcraf t  da ta ,  d u e  t o  the  widesp-ead 
us2 of LkIE.QT imagery  (see T a b l e  2). 
A t  Purdue U n i v e r s i t y ,  t h e  r e s e a r c h  h a s  f o l l o w e d  che  e a r l y  work of  Baker  and 
Hikha i l  (3). E t h r i d g e  atid Mikhai l  ( 9 , 1 0 , 1 1 )  i n v e s t i g a t e d  t h e  a c c u r a c y  of  v a r -  
i o u s  si r.2 le-str i p r e c t i f i c a t i o n  methods  , i n c l u d  i n g  t h e  co l  l i n e a i - i  t y  , p i e c e w i  se 
p o l y n o m i a l s ,  weighted  mean, moving a v e r a g e ,  meshwise l i n e a r  i n t e r p o l a t i o 3 ,  and 
Gauss-Markov. After t e s t i n g  a l l  methods o n  f o u r  d a t a  sets, A n a l y s i s  of Vari- 
a n c e  (Anova) and Neuman-Keuls s t a t i s t i c a l  t e s t i n g  p r o c e d u r e s  were used t o  con- 
c l u d e  t h a t  there  was no s t a t i s t i c a l l y  s i g a i f i c a n t  d i f f e r e n c e  be tween t h e  re- 
s u l t s  of t h e  b e s t  f i v e  methods,  w i t h  o n l y  t h e  meshwise l i n e a r  i n t e r p o l a t i o n  
b e i n g  s i g n i f i c a n t l y  worze.  When t h e  methods  were r a n k e d  i n  terms of  t h e i r  
r e s t i t u t i o n  r e s u l t s ,  t h e  Gauss-Markov was b e s t ,  c o l l i n e a r i t y  and p i e c e w i s e  
polynomia l  were s e c o n d ,  t h e  weighted  mean was f o u r t h ,  and moving a v e r a g e s  
f i f t h .  D i v i s i o c  of t h e  s t r i p s  into s e c t i o n s  when u s i n g  t h ?  parametric methods 
was shown t o  h a v e  a s i g n i f i c a n t  effect. C o n s i d e r a t i o n  of other f ac to r s  i n -  
v o l v e d ,  s u c h  ‘-s c o m p d t a t i o n a l  e c o n m y  and c o n t r o l  r e o u i r e m e n t s ,  l e d  to t h e  
c o n c l u s i o n  t h a t  t h e  p i e c e w i s e  p o l y n o m i a l  was t h e  optimum method.  
E t n r i d g e  a l so  i n v e s t i g a t e d  t h e  u s e  of  s i d e l a p p i n g  f l i g h t  l i n e s  i n  a b l o c k  ad- 
j u s t m e n t  p r o c e d i r e .  S i n c e  EO real da ta  was a d a i l a b l e ,  randomly  p e r t u r b e d  and 
u n p e r t u r b e d  s i m u l a t e d  d a t a  was u s c l .  %o a l g o r i t h m s  were used i n  t h e  tests,  
o n e  a r i g o r o u s  s i m u l t a n e o u s  s o l u t i o n  while t h e  other i n v o l v e d  us:ng t h e  con- 
t rol  p o i n t s  t o  s o l v e  for t h e  o r i e n t a t i o n  parameters, t h e n  o b t a i n i n g  pass p o i n t  
c o o r d i n a t e s  by i n t e r s e c t i o n s .  me r e s e c t i o n - i n t e r s e c t i o n  method gave  results 
n e a r l y  e q u i v a l e n t  to those of t k e  rigorous s l m u l t a n o u s  method. 
k G l o n e ,  W k h a i l ,  and Baker (14,lS) reported on f u r t h e r  tests w i t h  s i n g l e -  
s t r i p  methods, comparing ,ne piectwise polynomial .  weighted mean, and Gauss- 
Narkov methods. 'he p iecewise  polynomial  fficthod us ing  m u l t i p l e  s e c t i o n s  and 
second-order  p o l y n a i a l s  was shown t o  be t h e  o p t i c u n  method. F u r t h e r  comperi- 
son tes ts  run  on t h e  first- and second-order Gauss-Harkov methods showed i n  
g e n e r a l  no s i g n i f i c a n t  d i f f e r e n c e  b e t u e e n  the  tuo, b u t  the second-order  tended  
to be s l i g h t l y  worse. 
Ebner and Hosslek ( 8 )  s t u d i e s  t h e  u s e  of  second-order  Gauss-Harkov processes, 
u s i n g  s imula t ed  d a t a .  It was concluded  t h a t  r edundan t  c o n t r o l  w i t h i n  an  image 
l i n e  d i d  n o t  Improve r e c t i f i c a t i o n  a c c u r a c y ,  t h a t  t h e  c o n t r o l  w i t h i n  a n  image 
l i n e  d i d  n o t  improve r e c t i f i c a t i o n  a c c u r a c y ,  and t h a t  t h e  c o n t r o l  d i s t r i b u t i o n  
c o u l d  be randun as long as t h e  b r i d g i n g  d i s t a n c e s  were n o t  too g r e a t .  It was 
also concluded t h a t  t he  c o r r e l a t i o n  time parameter of t h e  modeling process 
cou ld  be chosen  as i n f i n i t y  w i t h  no effect on the results. 
5. ADJUSTIENT OF WLTISEAIES DATA 
Nasu and Anderson (20-21) reported on t h e  development  of a m u l t i s e r i e s  e d j u s t -  
m e n t  procedure .  This i nvo lved  t h e  a d j u s t m e n t  of photography of v a r i o u s  scales 
a long  wf t k  a i r c r a f t  and s p a c e c r a f t  s c a n n e r  da ta  i n  s e q u e n t i a i  and s imul t aneous  
p rocedures ,  usi?,g t i e  p o i n t s  selected on Images. D i g i t a l  t i e  p o i n t  s e l e c t i o n  
between t h e  v a r i o u s  da ta  sets  i s  also possible. T e s t s  w i t h  s imula t ed  d a t a  
showed a 16- to 20-percent  improvement o v e r  t h e  d i rect  ad jus tmen t  of e a c h  i m -  
age s e p a r a t e l y .  T e s t s  w i t h  real data were less c o n c l u s i v e  b u t  d i d  show some 
improvement. 
T e s t s  e r e  also conducted on t h e  b lock  ad jus tmen t  o f  s i d e l a p p i n g  data .  It was 
shown t h a t  p l a n i m e t e r i c  accu racy  is i n c r e a s e d  by hav ing  mu1 t i p l e  r i y  i n t e r s e c -  
t i o n  and t h a t  e l e v a t i o n s  c a n  be o b t a i n e d ,  a l t h o u g h  n o t  of  s u f f i c i e n t  accu racy  
i n  t h i s  c a s e  t o  use  for p i x e l  e l e v a t i o n  ass ignment  for geomet r i c  p rocess ing .  
For three a t r ips ,  d i v i d e d  i n t o  three sections each ,  t h e  WSE i n  x was 15.4 
meters (2.0 p i x e l s ) ,  i n  Y 13.3 meters (1.74 p i x e l s ) ,  and i n  Z 34.0 meters 
(4.46 p i x e l s ) .  D i v i s i o n  of t h e  s t r i p s  i n t o  s e c t i o n s  a g a i n  i n c r e a s e d  t h e  ac- 
cu racy .  C a l c u l a t i o n  of c o v a r i a n c e  i n f o n n a t i o n  for t h e  pa rame te r s  allowed t h e  
a s ses smen t  of c o r r e l a t i o n s  between t h e  o r i e n t a t i o n  parameter?. The w o r i e n -  
t a t i o n  a n g l e  was r e c o v e r a b l e  u s i n g  m u l t i p l e  strips, while t h e  4 was n o t  re- 
coverable, due to  l a c k  of relief of the t e r r a i n .  Ihe i n c l u s i o n  of o i n c r e a s e d  
t h e  accu racy  of  the ad jus tmen t .  
Nasu (19 ,201  s t u d i e d  t h e  p o s i t i o n i n g  of the rma l  IR s c a n n e r  d a t a  us in8  a para- 
metric o r i e n t a t i o n  model. He reported r e s i d u a l  error3 a t  t h e  ground cmtrol  
p o i n t s  of ? t o  4 p i x e l s  i n  a test on a v o l c a n i c  area w i t h  large relief d i f fe r -  
ences .  
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Rest i tu t ion  Results f i - a  SDacecraft Data 
Inves t iga tor  Data -
Bahr LANDSAT 
1976 bulk image 
NIMBUS-3 
N I H B U S - 4  
Yalhotra, Skylab 
1976 
Borgeson LANDSAT 
1979 Corrected 
Sys tern 
LANDSAT 
Image 
Number of RHSE,Y 
He t hod Control p t s .  P i x e l s  
4-par 
2 o rde r  poly 
L.S. f i l t -  
e r ing  a f t e r  
&par. 
L.S. f i l t -  
e r ing  af ter  
poly. 
co l  . 
approx .method 
co l  . 
approx .method 
co l  . 
approx.method 
co l  
apprcx.method 
co l .  
co l  . 
c o l  . 
3 Par 
4 par 
5 par 
6 par 
3 par 
4 par 
5 par 
6 par 
234 
7 
9 
13 
40 
2 34 
40 
40 
67 
67 
8r 
8 4  
81 
81 
40 
40 - 
c - 
151 
151 
151 
151 
53 
53 
5; 
53 
2.71 
1.15 
0.68 
0.60 
0.61 
0.54 
0.56 
0.53 
0.68 
0.89 
0.83 
0.92 
0.79 
0.74 
0.81 
1.08 
4.0 
4.0 
3.7 
RHSE, XY 
Meters 
159 
130 
82 
51 
165 
143 
84 
49 
RHSE * Y 
P i x e l s  
4.52 
1.11 
1.15 
1.02 
0.85, 
0.83 
0.87 
0.78 
0.80 
0.73 
0.83 
0.97 
0.86 
0.87 
0.89 
1.25 
4.3 
3 . i  
3.8 
4 82 
Table 2 
Restitution Results for Single Coverage Aircraft Data 
Data 
Investigator Description 
Ethr idge. H =  1500m 
1971 IFOV= .006 rad 
1550 l i n e s  
H= 1500m 
IFOV=.006 rad 
1400 lines 
H=000rn 
IFOV= .006 rad 
1970 lines 
H=QOOm 
IFOV= ,006 rad 
2700 lines 
Hcglone , H=305Orn 
Hi khail I IFOV=i,025 rad 
Baker 1450 l ines 
980 
Method 
col. 1 sec .  
2 sec.  
3 sec .  
p.poly 1 sec. 
2 cec. 
3 sec. 
w .  mean 
m. avg. 
mesh.  linear 
G. Markov, 1st 
C o l .  1 sec. 
2 "  
3 "  
2 n  
3 "  
p-poly 1 sec.  
w .mean 
N .  avg. 
mesh. lineal 
G. Markow, 1st 
Col 1 sec. 
2 "  
3 "  
2 "  
3 
w .mean 
m.avg. 
mesh. linear 
G. Markov, 1st 
Col. 1 sec .  
2 "  
3 "  
2 "  
3 n  
p.poly 1 see .  
p.poly 1 sec.  
w .mean 
rn .avg . 
mesh. 1 lnear 
C. Markov 1st 
RHSE X 
pixels 
1.57 
1.51 
1.42 
1.58 
1.51 
1.42 
1.56 
1.32 
1.35 
l.l@ 
2.70 
2.?0 -. 3 68 
2.57 
2.11 
7.2 
2.7. 
2.5C 
2.05 
7.33 
3.69 
2.89 
?. 33 
3.66 
2.89 
2.62 
4.35 
2. 43 
4.10 
4.23 
4.16 
4.09 
4.18 
3.83 
3.75 
5.33 
4.23 
3.66 
2.57 
3.05 
p.poly 1 sec 1 order 2.76 
1 I@ 2 2.72 
2 *@ 1 " 2.82 
c 2 2.23 
3 " 1 " 2-22 
- 2.06 7 t1 2 
RMSE Y 
pixels 
2.03 
1.68 
1.36 
2.01 
1.60 
1.37 
1.23 
2.04 
2.26 
1.44 
2.19 
1 .82 
1.37 
2.38 
2.18 
1.36 
1.52 
1 .% 
2.42 
2.33 
9.66 
5.17 
3.08 
8.71 
4.74 
3.15 
4.44 
3.91 
4.82 
2.80 
4.2'1 
3.76 
4.01 
4.32 
3.16 
3.10 
2.9; 
3.58 
7.65 
3.77 
4.76 
1.91 
2.119 
1.74 
1.98 
1.89 
RNSE XY 
p i x e l s  
1 .Ro 
1.59 
1.39 
1 .?3 
1.60 
1.40 
1.41 
I .?2 
1.86 
1.32 
2.45 
2.1Q 
2.04 
2.51 
2.37 
2.03 
2.55 
2.38 
2.46 
2.20 
8.58 
4.49 
2.90 
8.W 
4-24 
3.02 
3-81 
3 . 3 3  
4.59 
2.62 
3.90 
3.34 
3.63 
4.21 
3.71 
3.49 
3.36 
1.54 
6.18 
3.72 
4.14 
2.35 
2.66 
2.00 
2.1c 
1.98 
Table 2 (Continued) 
Data 
Investigator Description 
H=3050m 
IFOV= .0025 rad 
i450 lines 
H=3050m 
IFOV= .0025 rad 
1450 lines 
H= 1500m 
IFOV= .go6 rad 
H= 15COm 
IFOV= .006 rad 
H=900m 
IFOV= .O06 rad 
H=900m 
IFOV= .006 rad 
H=900m 
IFOV= .066 rad 
H=900m 
IFOV= .006 rad 
RnSE X 
Method pixels 
w.rnean 3-34 
G. Narkov 1 order 1.75 
2 "  3.80 
p.poly 1 sec 1 order 2.14 
1 " 2 " 2.14 
2 " 1 " 2.11 
2 " 2 " 1.57 
j 1 1.86 
3 2 @ 1.69 
u. mean 3.28 
2 "  1.18 
p.poly 1 sec 1 order 2.13 
G.Markov 1 order 1.13 
l " 2 "  
2 " l  
2 " 2  
3 " l  " 
3 " 2  " 
w.mean 
G.Markov 1 order 
G.Harkov 1 order 
C.Markov 1 order 
G.Markov 1 order 
G.Markov 1 order 
G.Markov 1 order 
C.Markov 7 order 
2 "  
2 "  
2 "  
2 "  
2 "  
2 "  
. 2  " 
i .31 
1.43 
1.28 
1.42 
1.08 
2.80 
1.03 
1.67 
1.27 
1.33 
3.86 
0.90 
1.64 
1.99 
2.15 
3.16 
3-30 
6.64 
14.46 
3.25 
RNSE Y 
pixels 
1 .go 
s.47 
11.20 
3.85 
3 -79 
3.78 
3.39 
3.63 
3 .50 
3.85 
5.63 
7.13 
5.33 
5.38 
5.41 
5.26 
5.21 
7.43 
4.17 
10.48 
10.11 
1.49 
2.34 
2.53 
2.10 
2.72 
1.80 
5.95 
2.26 
2.28 
3.77 
4.76 
1.32 
RHSE XY 
pixels 
2.72 
4.06 
8.36 
3.11 
3.08 
3.06 
2.64 
2.88 
2.75 
3.58 
4.75 
5.11 
4 .OF; 
3.92 
3.96 
3.81 
3.82 
5.31 
3.55 
7.45 
7.25 
1.30 
1.42 
2.83 
3.26 
1.62 
2.25 
1.90 
4.47 
2.75 
2.84 
5.40 
10.76 
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Tuesday, November 17, 1981 
REGISTRATION ANG RECTIFICATION YORKSHOP ACEEiDA 
JOINT HEETINC TO BE HELD I N  ROOM 2464 
1. 
2. 
3. 
4. 
5 .  
6. 
Ictroduction (8:00-9:0@) Workshop Chairman: N. BryantIJPL 
Workshop Sponsor: A. Villasenor/NASA 
Objectives and Format of Workshop (9:00-9:30) 
a.  Format 
b. Objectives 
N. Bryant/JPL 
F. Bi l l ingsley/  JPL 
Presentations o n  Users Needs (9:30-12:00) (l:C0-2:0@) 
i. Agricul ture/Forestry,’Rangeland R .  Allen/USDP. 
1’. Land Use/Land Cover and Hydrology t. Caydos/USGS 
c .  Ceelogy P. Chauez/USGS 
d .  Severe Storms J .  Dal ton/CSFC 
e .  Ocean Processes D. NicholdJPL 
Presentations on Space Segment Errors (2:00-4:00) 
a.  Scanner Imaging Systems, Spaceborne A. PrakashIGL: 
3. Scanner Imaging Systems, Ai rcraf t  S, Unger/GISS 
c .  NLA Imaging Systems K. AndoIliASA 
d .  SAR Imaging Systems J. Curlander/JPL 
e .  Hultimissioa Spacecraft H. Heuberger/SSFC 
f .  NAVSTAR/Clobal Posit ioning System N. Ananda/Aerospace 
Presentations on Ground Segment Errors (4:00-5:00) 
a.  Geodetic Control Net Gmsiderations J .  CergedNCS 
3 .  National Hap Accuracy Standards R .  Welch/U OF GA 
c. Nap Projections J .  Snyder/USGS 
Systems Fresentations and Discussions (7:00-9:00> 
a. Quant i ta t ive  Effects  of Hisregis t ra t ion R. Jcday/JSC 
b. Data vs. Information, A System Paradigm F. Billingsley/JPL 
c.  Panel Chairman Overview Discussions - Registraticn Panel R .  Bernstein/IBM 
- Recti f icat ion Panel A .  Tescher/Aerospace 
- Error Analysis Panel H. Pelman/Lockheed 
Wednesday, November 18 , 1981 
7. Presentations on Processing and Verification (8:00-12:00) 
a. Registration - Image Sharpness - Feature Extraction - Inter-Image Hatching 
- Remapping Procedures b. Rectification 
- Resampling Functions 
- Error Characterization and Error 
- Methods of Verification 
c. Errdr Analysis 
Budgets 
P. AnutalPurdue 
R. HaralickIVPI 
R. Wolfe/IBH 
E ,  Hikhail/Purdue and 
A. Zobrist/JPL 
R. Dye/ERIM 
E. Beyer/GE 
G. Grebousky/CSFC 
8. Panels/Subpnels Meeting (1:00-5:00) 
(Identify state-of-the-art technology, recanmendations, e t c  .I 
a .  
Room 3289 
Room 3257 
R o o m  3263 
Room 3265 
Room 3463 
b. 
C.  
Room 3370 
Room 3465 
Registration Subpanels - Image Sharpness - Feature Cxtraction 
- Inter-Image Matching 
Rectification Sub panels - Remapping Procedures - Resampl ing Functions 
Error Analysis - Error Characterization and Error 
Budgets - Uethods of Verification 
9. Discussions by  Hembers-at-Large (7:00-9:00) 
a .  Registration Techniques Panel Chairman 
b. Rectification Techniques Panel Chairman 
c .  Error Analysis Panel Chairman 
Thursday November 1 9 ,  1981 
10. Panels’Subpenels Heetings (9:00-12:00) 
(Develop progran plans and recommendationsl 
11 .  Presentations to  Menbers-at-Large (1:00-3:00) 
a. Rec anmendations, Registration Panel 
b. Recanmendations, Rectification Panel 
c .  Recanmendat.ions, Error Analysis Chairman 
Chairman 
Chairman 
12. Workshop Overview 
Chairmen 
P. Anuta/Purduc 
L. Davis/U OF ND 
H. Ramapriyan 
A. Tescherl Aerospace 
R. Juday/JSC 
J. Bar ker/CSFC 
R. Pel zman/Lockheed 
R. Bernstein/IBM 
A.  Tescherl Aerospace 
R. P e l  zman/Lockheed 
R. Bernstein/ BM 
A. Tescheri Aerospace 
R. Pelzman/Lockheed 
F. B i l l  ingsl ey/ J PL 
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9.4 PANEL DISCUSSION HANDOUTS 
1. Subpanel :  Xmage S h a r p n e s s  
2 .  P a n e l :  Registration 
3. Chairman: P a u l  Anuta ,  P u r d u e  U n i v e r s i t y  
4 ,  D i s c u s s a n t :  P a u l  Anuta.  P u r d u e  U n i v e r s i t y  
5. Areas of Concern:  Fundament21 p r i n c i p l e s  i n  i n s t a n t a n e o u s  f i e l d  of v i e w  
v e r s u s  t h e  poin t .  s p r e a d  f u n c t i o n  i n  d i g i t a l  image euhancement .  Methods for  
i m p r o v i n g  v i s u a l  r e c o g n i t i o n  of ground c o n t r o l  p o i n t  r e g i o n s  i n  images. S i g -  
c a l - t o - n o i s e  r a t i o  i m p a c t s  associated w i t h  e f f e c t i v e  f i e l d s  of v i e w  !as o p  
posed t o  i n s t a n t a n e w s  f i e l d s  of view!, 
6. Chargc t o  P a n e l  Working Group: 
a )  Develop  a p o s i t i o n  s t a t e m e n t  o n  t h e  s t a t e  of t h e  a r t  for  t h o s e  e l e m e n t s  i n  
a p p l i c a t i o n s ‘  t e c h n i q u e 3  of c i m c e r n  t o  t h i s  s u b p a n e l  for t h e  r e g i s t r a t i o n / r e c -  
t i f i c a t i o n  of imaging  s e n s o r  d a t a .  Use t h e  paper p r e s e n t e d  as a p o i n t  of de- 
p a r t u r e ,  a d d i n g  new e l e m e n t s  n e g l e c t e d  and d e l e t i n g  e l e m e n t s  of l i t t l e  appar- 
e n t  c o n c e r n  t o  NASA and  t h e  user community.  
b) Develop  a p o s i t i o n  s t a t e m e n t  o n  a n t i c i p a t e d  r e q u i r e m e n t s  for t h o s e  ele- 
m e n t s  i n  a p p l i c a t i o n s ‘  t e c h n i q u e s  of  c o n c e r n  t o  t h i s  s u b p a n e l  f o r  t h e  regis- 
t r a t i o n / r e c t i f i c a t i o n  of imaging  s e n s o r  data. Uze t h e  paper p r e s e n t e d  as a 
p o i n t  of d e p a r t u r e ,  a d d i n g  new e l e m e n t s  neglec t .ed  and d e l e t i n g  e l e m e n t s  of 
l i t t l e  a p p a r e n t  c o n c e r n  t o  NASA a n d  t h e  u s e r  community.  
c )  O u t l i n e  t h e  c u r r e n t  s t a t u s  of t h e  t. -tinology w i t h i n  NASA. L i s t  t h e  cen- 
ters of e x p e r t i s e  ( f i e l d  c e n t e r  group.  -nd u n i v e r s i t y / i n d u s t r y  s u p p o r t  
g r o u p s ) .  
d )  Propose e x p e r i m e n t s  t h a t  s h o u l d  be c o n d u c t e d  to t es t  and document  areas  of 
c o n c e r n  t o  t h i s  p a n e l  i n  t e c h n i q u e  a p p l i c a t i o n s .  T h i s  s h o u l d  i n c l u d e  s y n t h e -  
t i c  and s t a n d a r d i z e d  da ta  sets. 
e )  D i s c u s s  t h e  f e a s i b i l i t y  of p r o v i d i n g  tested software s y s t e m s  p a c k a g e s  t o  
implement  s t a n d a r d  p r o c e d u r e s  p r e s e n t l y  d e v e l o p e d .  Recommend c a n d i d a t e  s y s -  
tems f o r  t h e  “ r e g i s t r a t i o n  p r o c e s s o r s n  s u r v e y .  
f )  I d e n t i f y  r e s e a r c h  t a s k s  t h a t  t h e  s u b p a n e l  feels s h o u l d  be  p u r s u e d  t o  en- 
h a n c e  n e a r -  and m e d i m - r a n g e  c a p a b i l i t i e s .  Recommend l e v e l s  of effor t  (man- 
y e a r s ,  d o l l a r s )  and t a s k  d u r a t i o n .  Pr ior i t ize  t h e  r e s e a r c h  t a s k s .  
7. G e n e r a l  Q u e s t i o n s  t o  C o n s i d e r :  
a )  Master Image Sets: I n  t h e  c o n t e x t  of image s h a r p n e s s  c o n c e r n s ,  d i s c u s s  
w h e t h e r  or n o t  t h e r e  s h o u l d  b e  a se t  of m a s t e r  image se t s  for r e g i s t r a b i o n .  
What d a t a  s h o u l d  be  used f o r  t h i s  master se t?  Should  t h e s e  d a t a  be c o n v e r t e d  
i n t o  a p a r t i c u l a r  g e a n e t r y  or p r o j e c t i o n ?  Can a master image set  s e r v e  a s  a 
r e f e r e n c e  image f o r  f u t u r e  p r o c e s s i n g ,  e l i m i n a t i n g  or ? e d u c i n g  t h e  need for 
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e s t a b l i s h i n g  and m a i n t a i n i n g  a ground c o n t r o l  p o i n t  l i b r a r y '  Should there be 
a n a t i o n a l  or g l o b a l  d ig i t a l  dat; base? If  so, what r e g i s t r a t i o n  s t r a t e g y  
shou ld  be  pursued? 
b) I n a c c u r a c i e s :  How do i n a c c u r a c i e s  propagate t h r o u g h  a sys tem? 
c) Performance: What i s  t h e  best a c h i e v a b l e  accu racy  o n e  c o u l d  e x p e c t  w i t h  
+he  algorithms a t  hand for a g i v e n  d a t a  t y p e  be ing  ana lyzed?  
d )  I n t e r p o l a t i o n :  What effects do t h e  v a r i o u s  i n t e r p o l a t i o n  k e r n e l s  have  on 
r e s o l u t i o n ,  t r a n s i e n t  rise d i s t a n c e s ,  or p o i n t  s p r e s d  f u n c t i o n ?  For  t h e  
u s e r s :  are t h e s e  impor t an t?  
e) Which t e c h n i q u e s  are most optimal under  which c o n d i t i o n s ?  
f )  Can we p r e c i s e l y  d e f i n e  d i f f e r e n c e s  i n  radiometric and geometric errors? 
g> - Data: What a r e  t h e  dimen- 
s i o n s  of these data  sets? What are t h e  number and t y p e s  of these da ta  sets 
now and t o  be a n t i c i p a t e d  i n  t h e  f u t u r e ?  
What k i n d s  of da t a  sets need t o  be r e g i s t e r e d ?  
h)  What a p p l i c a t i o n s  s u c c e s s  has been  achieved  t o  d a t e  w i t h  r e g i s t e r i n g  data? 
What t e c h n i q u e s  were used? Was t h e  d a t a  changed as  a r e s u l t  of r s g i s t r a t i o n  
p r o c e s s i n g ,  and i f  so, what was the  effect of t h e  change? 
i )  Are there s p e c i f i c  s e n s o r  subsystem parameters t h a t  can  be developed  or 
manipula ted  t o  improve image s h a r p n e s s  r e s u l t s ?  
j) 
n iques?  
Is it poss ib le  t o  d e f i n e  s u r r o g a t e  c o n d i t i o n s  for choos ing  o p t i m a l  tech- 
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1. Subpanel :  F e a t u r e  E x t r a c t i o n  
2. Panel :  R e g i s t r a t i o n  
3. Chairman: L a r r y  Davis ,  U n i v e r s i t y  of Maryland 
4. D i scussan t :  Rober t  H a r a l i c k ,  V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  
5. Areas  of Concern: Review p r o c e s s i n g  t h a t  c a n  b e  a p p l i e d  t o  images t o  i m -  
p rove  t h e  c a p a b i l i t y  fo r  d i s c r i m i n a t i n g  f e a t u r e s  w i t h i n  a n  image t o  o b t a i n  
improved ground c o n t r o l  p o i n t  i d e n t i f i c a t i o n .  T e x t u r e  p r o c e s s i n g  f u n c t i o n s  t o  
enhance  image g r a d i e n t s  and i d e n t i f i c a t i o n  of s u b p i x e l  t e x t u r e  components.  
S k e l e t o n i z i n g  images for subsequen t  matching  t o  a v e c t o r  r e p r e s e n t a t i o n  of a 
map area. 
6. Charge t o  Panel  Working Group: 
a )  Develop a p o s i t i o n  statemect on t h e  s t a t e  of t h e  a r t  for t h o s e  e l e m e n t s  i n  
a p p l i c a t i o n s '  t e c h n i q u e s  of conce rn  t o  t h i s  subpane l  tor t h e  r e g i s t r a t i o n / r e c -  
t i f i c a t i o n  of imaging s e n s o r  d a t a .  Use t h e  pape r  p r e s e n t e d  as  a p o i n t  o f  de- 
p a r t u r e ,  add ing  new o lemen t s  n e g l e c t e d  and d e l e t i n g  e l e m e n t s  of l i t t l e  appar- 
e n t  conce rn  t o  NASA and the  u s e r  community. 
b) 9eve lop  a p o s i t i o n  s t a t e m e n t  on  a n t i c i p a t e d  r e q u i r e m e n t s  fo r  those ele- 
ments  i n  a p p i i c a t i o n s '  t e c h n i q u e s  of conce rn  t o  t h i s  subpane l  for t h e  r e g i s -  
t r a t i o n / r e c t i f i c a t i o n  of imaging s e n s o r  d a t a .  Use t h e  pape r  p r e s e p t e d  a s  a 
p o i n t  of d e p a r t u r e ,  a d d i n g  new e l e m e n t s  n e g l e c t e d  and d e l e t i n g  e l e m e n t s  of 
l i t t l e  a p p a r e n t  conce rn  ta NASA and t h e  u s e r  community. 
c )  O u t l i n e  t h e  c u r r e n t  s t a t u s  o f  t h e  t echno logy  w i t h i t ?  NASA.  L i s t  t h e  cen- 
ters  o f  e x p e r t i s e  ( f i e l d  c e n t e r  g roups  and u n i v e r s i t y / i n d u s t r y  s u p p o r t  
g r o u p s ) .  
d )  Propose  e x p e r i m e n t s  t h a t  should  be conducted  t o  tes t  and document a r e a s  of 
conce rn  t o  t h i s  pane l  i n  t e c h n i q u e  a p p l i c a t i o n s .  This shou ld  i n c l u d e  synthe-  
t i c  and s t a n d a r d i z e d  d a t a  sets. 
e) Disfi11.s; t h e  f e a s i b i l i t y  o f  p r o v i d i n g  t e s t e d  s o f t w a r e  sys t ems  packages  t o  
iaplean-rrlt s t a n d a r d  p rocedures  p r e s e n t l y  deve loped .  Recommend candidate sys-  
tems fx t h e  " r e g i s t r a t i o n  p r o c e s s o r s "  su rvey .  
f> I , ?en t i fy  r e s e a r c h  t a s k s  t h a t  t h e  subpane l  feels  shou ld  b e  pursued  to  en- 
hancl; nezr -  and medium-range c a p a b i l i t i e s .  Recommend levels of e f f o r t  (man- 
year:!, d o i l a r s )  and task d u r a t i o n .  P r i o r i t i z e  t h e  research tasks .  
7. Genera i  Q u e s t i o n s  t o  Cons ider :  
a )  Fiaster  Image Sets:  I n  t h e  c o n t e x t  o f  f e a t u r e  e x t . r a c t i o n  c o n c e r n s ,  d i s c u s s  
w h e t h e r  o r  riot t h e r e  should  be  a set of master image sets  for r e g i s t r a t i o n .  
What d a t a  should  b e  u s e d  f o r  t h i s  m a s t e r  set? Should t .hese d a t a  be c o n v e r t e d  
i n t o  a p a r t i c u l a r  geometry or p r c j e c t i o n ?  Can a m a s t e r  image se t  s e r v e  a s  a 
reference image for f u t u r e  p r o c e s s i n g ,  e l i m i n a t i n g  or r e d u c i n g  t h e  need for 
establishing and maintaining a ground control point l ibrary? Should there be 
a national or global d i g i t a l  data base? I f  so, what reg is t ra t icn  strategy 
should be pursued? 
b) Performance: What i s  the best  achievable accuracy one could expect w i t h  
the algorithms a t  hand f o r  a given data type being analyzed? 
c) Correction Methods: What correction methods a re  available for  system use? 
What correction methods are available for user use? How well can t i ley poten- 
t i a l l y  work, and how well can they be expected t o  work? 
d)  Can desirable ground control p o i n t s  be characterized? 
e) Is it possible t o  correlate  images t o  maps without manual ictervetition? 
f )  What image preprocessing is  u s e f u l  prior t o  feature extraction? 
g) How should one t r e a t  relief dis tor t ion? 
h)  Interpolation: What e f fec ts  do the various interpolation kernels have on 
resolution, t ransient  r i s e  distances, o r  point spread function? Far the 
users: a r e  these important? 
i) What k i n d s  of data s e t s  need t o  be registered? What a r e  t h e  char- 
a c t e r i s f i c s  of these data se t s?  What are  the number and t y p e s  of these data 
sets now and t o  be anticipated i n  the future? 
- Data: 
j) Is the data changed wfien processed t o  achieve registration? What is  t h e  
e f fec t  of t h i s  change? 
k) Ground control point l i b r a r i e s  a re  costly t o  b u i l d .  What techniques,'?ro- 
cedures a re  available to  pattern/feature recognition t o  identify scene cmtent 
without correlation t o  reference chips? Which techniques are most optimal 
under which conditions'! 
1) How do the important characters of  features propagate through t h e  system. 
What a re  these character is t ics?  
m )  Are there specif ic  sensor subsystem parameters t h a t  can be developed or 
manipulated t o  improve image sharpness results? 
n )  Is it poss ib le  t o  define surrogate conditions for  choosing optimal tech- 
niques? 
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7 .  S u b p n e l :  Inter-Image Hatching 
2. Panel : R e g i s t r a t i o n  
3. Chairman: H. Ramapriyan, GSFC 
4. Discussant:  Robert Wolfe, IBM 
5. Areas o f  Concern: Procedures and a lgo r i thms  used t o  de te rmine  r e l a t i v e  
p o a i t i o n s  o f  refereme and r e g i s t r a n t  image a t  inter-image subimages. Includ- 
ing FFT, c r o s s - c o r r e l a t i o n ,  and surface es t ima t ion  fran discrete r a s t e r s .  3- 
pacts a s s o c i a t e d  w i t h  t r a n s l a t i o n ,  r o t a t i o n ,  &ale,  and keysconing of p i x e l s  
on t h e  r e g i s t r a t i o n  process.  Discuss  s e a r c h  procedures  fc: GCP l o c a t i o n .  
6. Charge t o  Panel Working Group: 
a )  Develop a p o s i t i d n  s t a t emen t  on t h e  s t a t e  of  t h e  a r t  f o r  t hose  elements  i n  
a p p l i c a t i o n s '  t echn iques  o f  coilcern to t h i s  subpanel for t h e  r e g i s t r a t i o n / r e c -  
t i f i c a t i o n  o f  imaging sensor d a t a .  Use t h e  paper presented as a p o i n t  o f  
d e p a r t u r e ,  adding new elements  neg lec t ed  and d e l e t i n g  elements  of l i t t l e  ap- 
pa ren t  concern t o  NASA and t h e  u s e r  community. 
b) ljevelop a p o s i t i o n  s t a t emen t  on ant ic ipated requirements  f o r  t h o s e  ele- 
ments i n  a p p l i c a t i o n s '  t echn iques  of  concern to t h i s  subpanel for t h e  regis- 
t r a t i o d r e c t i f i c a t i o n  o f  imaging sensor d a t a .  Use t h e  paper presented a s  a 
p o i n t  o f  d e p a r t u r e ,  adding new elements ncglezted and d e l e t i n g  elements  of 
l i t t l e  appa ren t  concern t o  NASA and t h e  u s e r  coarmunicy. 
c )  O u k l i n e  t h e  c u r r e n t  s ta tus  o f  t h e  techn9logy w i t h i n  NASA. L i s t  t he  cen- 
ters o f  expertise ( f i e l d  c e n t e r  groups and u n i v e r s i t y / i n d u s t r y  s u p p o r t  
groups). 
d )  Propose experiments  t h a t  should be conducted to  tes t  and document a r e a s  o f  
concern t o  t h i s  panel i n  technique a p p l i c a t i o n s .  '2his should i n c l u d e  synthe- 
t i c  and s t anda rd ized  d a t a  sets. 
e> Discuss t h e  f e a s i b i l i t y  o f  providing tested so f tware  systems pac!<ages t o  
implement s t anda rd  procedures  present1.y developed. Recommend cand ida te  sys- 
tems f o r  t h e  " r e g i s t r a t i o n  processors"  w r v e y .  
f) I d e n t i i y  r e s e a r c h  t a s k s  t h a t  t h e  subpanel f$els should be pursued t o  en- 
hance near- and mediun-range capab i l i t i e s .  Reccmmend levels o f  e f f o r t  (man- 
y e a r s ,  dol lars)  and t a s k  dur a t i o n .  P r i o r i t i z e  t h e  r e s e a r c h  tasks .  
7. General Quest ions Lo Consider: 
a )  Master Image Se ts :  I n  t h e  c o n t e x t  o f  inter-image matching concerns,  d i s -  
c u s ~  whether o r  no t  there  should be a set of master  image sets f o r  r e g i s t r a -  
t i o n .  What d a t a  should be used f o r  t h i s  master set,? Should these S a t a  be 
converted i n t o  a p a r t i c u l a r  geometry o r  p r o j e c t i o n ?  Can a master  image set 
serve a s  a reference image f o r  f u t u r e  p rocess ing ,  e l i m i n a t i n g  o r  r educ ing  t h e  
need f o r  e s t a b l i s h i n g  and maintaining a ground c o n t r o l  p o i n t  l i b r a r y ?  Should 
t h e r e  be  a c a t i o n a l  o r  g l o b a l  d i g i t a l  da ta  base? I f  so, what r e g i s t r a t i o n  
s t r a t e g y  should be pur sued? 
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b) Inaccuracies: How do inaccuracies propagate through a system? How do 
uncertainties propagate through t h e  system? 
c )  Performance: What is the best achievable accuracy one could expect w i t h  
the algorithms a t  hand for  a given data type being analyzed? 
d )  Correction Methods: What carrection methods are  available for  system use? 
What correction methods are available for  user use? How well can they poten- 
t i a l l y  work, and how well can they be expected t o  work? 
e) You does brightness response (e.g., s t r ip ing)  a f fec t  control point corre- 
l a  t ion? 
f )  What procedures should be pursued t o  correlate  sensors having different  
rcsolutions? 
g) Can desirable ground control points be characterized? 
h)  How can one. :orrelate areas imaged a t  different  seasons? 
i) What preprocessing is useful? 
j) How can one t r e a t  r e l i e f  dis tor t ions? 
k )  
rectifyir:g each image t o  a s e t  of GCPs? 
What i s  the accuracy of teaporal overlays using regis t ra t ion t iepoints  vs. 
1) Processing: Should geographic location parameters be available t o  users? 
What accuracy should they have? W i l l  the users be able t o  do precision regis- 
t ra t ion  w i t h  t h e  data available w i t h i n  each d i g i t a l  frame? To what accuracy? 
m )  Disciplines: What is the s e n s i t i v i t y  t o  d a t a  regis t ra t ion loss  or r i s s i n g  
temporal analysis w i t h i n  disciplines? What types of error  description (e.g., 
RKS, peak, locally mapped) are needed for  each discipline? Can these be pro- 
vided? 
n> Can a logical s t ructure  be developed to  display the sequence platform mo- 
deling, platform -related sensors, NAVSTAR/GPS, ground control points, regis- 
t ra t ion  t iepoints ,  (e tc . )  , used i n  the rec t i f ica t ion  process? W.-t rx i i t iona l  
accuracy improvement might be expected a t  each s tep i n  t h r  sequence? 
0 )  - Data: What k i n d s  of data s e t s  need t o  be registered? What are the dimen- 
sions of these d a t a  set??  What a re  the nmber and t y p e s  of these data sets 
now and t o  be anticipated i n  the future? 
p)  Accuracy: What are  t h e  re la t ive  and absolute accuracy requirements? How 
is accuracy measured and evaluated? 
q )  What applicat.iond success has been achieved t o  date  w i t h  registering data? 
What techniqucs dere used? Was the data changed as a resu l t  of regis t ra t ion 
processing, and i f  so, what is the e f f e c t  of t h e  change? 
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r )  How much human i n t e r a c t i o n  i s  required to  r e g l s t s r  da ta  sets? Is t h i s  
n e c e s s a r y ,  and ,  if so, t o  what e x t e n t  can  manual i n t e r a c t i o n  be reduced?  How 
muck does human s u b j e c t i v i t y  affect  t h e  result? 
s) How s i g n i f i c a n t  a role wo?lld a s e n s o r / p l a t f o r m  model p l a y  i n  r e g i s w a t i o n i  
r e c t i f i c a t i o n  of t h e  d a t a  acqu i r ed  from d i f f e r e n t  s e n s o r s  on F .;Cei*ent p l a t -  
forms (e.g., shut t le /SAH and Landsat/TM)? 
t) Ground c o n t r o l  p o i n t  l i b r a r i e s  are c o s t l y  t o  b u i l d .  Which t e c h n i q u e s  are 
most o p t i o n a l  u r d e r  which c o n d i t i o n s ?  
u )  Are t h e r e  specific sensor subsystem pa rame te r s  t h a t  c a n  be developed  or 
manipula ted  t c  improve image s h a r p n e s s  r e s u l t s ?  
v )  Is it p o s s i b l e  t o  d e f i n e  s u r r o g a t e  c o n d i t i o n s  for choos ing  o p t i m a l  tech-  
n iques?  
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1. Subpanel :  Remapping Prccedures 
2.  Panel :  R e c t i t ' L c a t i o n  
3.  Chair in: Andrew Tesche r ,  Aerospace Corp. 
4. D i scussan t :  Edward Mikhail, Ful.due, and A l  Z o b r i s t ,  JPL 
5. Areas ox Concern: F'rocedures a s s o c i a t e d  w i t h  t h z  + tc .granmetr ic  and conr- 
p u t a t i o n a l  a s p e c t s  o f  rem;lpping images from nomin,&ly :)r;hophotc t o  m a p p r o -  
j e c t e d  space .  Con t ro l  n e t  g e n e r a t i o n  and s u r f a c e  remappirlg mcdels: i .e. ,  su r -  
f a c e  f i t t i n g ,  g r i d d i n g ,  rubbe r - shee t ing  methods ,  s p a c e c r a f t  model inco rpora -  
t i o n ,  and t e r r a i d e l e v a t i o n  compensat ion.  
6. Charge t o  Panel  Working Group: 
a )  Develop a posi t ion s t a t e m e n t  on t h e  s ta te  a f  t h e  a r t  fo r  t h o s e  e!.ements i n  
a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e x  t o  t h i s  subpanel  for t h e  r e g i v t i  a t i o n / r ? c -  
t i f i c a t i o n  o f  imaging ser. 2r d a t a .  Use t h e  paper  p re sen ted  8 s  2 p o i n t  of ae- 
p a r t u r e ,  add ing  new e l e m e n t s  n e g l e c t e d  and d e l e t i n g  elr.rlen? o n  l i t t l e  appar-  
e n t  c' icern t o  NASA and t h e  use , .  mnmunity.  
b) I jevelop a p o s i t i o n  s t a t e m e n t  on a n t i c i p a t e d  r e q s i r e m e n t s  for  those ele- 
mwts i n  a p p l i c a t i o n s '  t e c h n i q u e s  o f  concern  t r  t h i s  subpanel  for t h e  r e g i s -  
t r a t i o n / r e c t i f i c a t i m  of imaging s e n s o r  d a t a .  Use Lhe paper  p re sen ted  a s  a 
p o i n t  of d e p a r t u r e ,  add ing  new elements nPg lec t ed  and d e l e t i n g  e l e m e n t s  of  
l i t t l e  a p p a r e n t  conce rn  to NASP. and tb6e u s e r  community. 
c )  O u t l i n e  t h e  c u r r s n t  s+ .a ths  of  t h e  t echno logy  w i t h i n  NASA,  List t h e  ten- 
te rs  of e x p e r t i s e  ( f i e l d  center g rouos  and u n i v e r s i t y / i n d u s t r y  s u p p r t  
g r o u p s ) .  
d )  Propose expe r imen t s  t h a t  should  be c a ~ d u c t e d  t o  t e s t  and document a r e a s  o f  
conce rn  t o  t h i 3  pane l  i n  t e c h n i q u e  a p p l i c a t i o n s .  T n i s  s:. . J l d  i n c l u d e  sya the -  
t i c  and s t a n d a r d i z e d  d a t a  zets.  
e)  D i s c u s s  t h e  f e a s i b i l i t y  of p r o v i d i n g  tes ted  s o f t w a r e  sys t ems  packages  t o  
implement s t a n d a r d  p rocedures  p r e s e n t l y  deve loped .  Recommend c a n d i d a t e  sys-  
tems for t h e  " r e g i s t r a t i o n  p r o c e s s o r s "  s u r v e y .  
f )  I d e n t i f y  r e s e a r c h  t a s k s  t h a t  t h e  subpanel  fee l s  shou ld  be  pursued t o  en- 
hance near -  and mediun-range c a p a b i l i t i e s .  Recommend l e v e l s  of  e f f o r t  (man- 
y e a r s ,  d o l l a r s )  and t a s k  d u r a t i o n .  Priorit ize t h e  r e s e a r c h  t a s k s .  
7. Genera l  Ques t ions  t o  Cans ide r :  
a )  Master Image S e t s :  I,. t h e  cc-itext of  remapping c o n c e r n s ,  d i s c u s s  whether  
or n o t  there shou ld  b e  a set o f  m a s t e r  imsge sets  f o r  r e g i s t r p t f o n .  What r a t a  
shou ld  b e  used f o r  t h i s  m a s t e r  s e t ?  Should these d d t a  b e  conve r t ed  i n t o  a 
p a r t i c u l a r  geometry o r  p r o j e c t i o n ?  Can a mas te r  image se t  s e r v e  a s  a refer- 
ence image foi* f u t u r e  p r o c e s s i c q ,  e l i m i n a t i n g  or r e d u c i n g  t h e  need f o r  e s t a b -  
l i s h i n g  and m a i n t a i n i n g  a ground c o n t r o l  p o i n t  l i b r a r y ?  . P O L I ~  there be a 
n a t i o n a l  or g l o b a l  d i g i t a l  d a t a  base?  I f  so, what r e g i s t r a t i o n  s t r a t e g y  
shou ld  be pur sued? 
b) Inaccuracies: b w  do inaccuracies propagate through a system? 
c )  Performance: What is  t h e  b e s t  achievable accuracy one could expect w i t h  
t h e  algorithms a t  hand f o r  a given data type being analyzed? 
d )  
Uhat correction methods are available fo r  uSer use? 
t i a l l y  work, and how w e l l  can they  be expected t o  work? 
Correction Methods: What correction methods a r e  available for sys tem use? 
How well can they poten- 
e) With what accuracy is t h e  platform position known w i t h  and without GCPs? 
Haw accurEtely can a platform be e x r e c t a  t o  repeat coverage of a given swath 
area? Is c h i s  t h e  same a t  a l l  earth locations? How accurately is t h e  a t t i -  
tude and a l t i tude  known, and what are the accuracies (regis t ra t ion and recti- 
f icat ion)  possible a f t e r  processing? 
f )  For a i r c r a f t  sensors, uhat are the platform conditions, and are  atlcillary 
sensors necessary and/or available? 
g) Can per-swath modelling real ly  be done, and i f  s@, how a r e / s b u l d  t h e  GCPs 
be uti l ized? What open loop positional accuracies are  available w i t h  and 
w i  thout CCPs? 
h)  How many GCPs are  needed to accurately model t h e  d i s tor t ions  f o r  given 
sensor systems? 
i) How accwate a re  GCPs worldwide? 
j) What preprocessing is u s e f u l ?  
k) How should otle t r e a t  r e l i e f  dis tor t ional  
1) What is the Accuracy of temporal overlays using regis t ra t ion tiepoints v s .  
rectifying each image t o  a set of GCPs? 
m) Can a world-wide map be drawn of expected geometric (including ground lo- 
cat  ion ) accuracy'? 
n )  Processing: Should geographic l o c a t i x  parameters be available t o  us-rs? 
Uhat accuracy should t h e y  have? W i l l  the users be able t o  do precision regis- 
t ra t ion w i t h  t h e  data tvai lable  w i t h  each d i g i t a l  frame? To what accuracy? 
01 What i s  the sens i t iv i ty  t o  data regis t ra t ion loss  or missing 
temporal overlays w i t h i n  d i s c i p l i n e s ?  Khat t y p e s  of error  description (e.g., 
RHS, peak, locally mapped) are needed for  each disciplirle? Can these be pro- 
v i d  ed? 
Disciplines: 
p)  Can a logical structure be developed to  d i s p l z  the sequence i n  which 
platform modeling, platform-rel, -..id sensors, NAVSTAkJCPS, ground control 
points, registration t i e p i n t s  are used i n  tne rec t i f ica t ion  process? 
Khat accuracies might be expecL1 it each s t e p  i n  t h e  sequence? 
q )  - 3a ta : Uhat a r e  t h e  dtmen- 
sions o f  t h e s e  d a t a  sets? Whst are t h e  number and types of these d a t a  sets 
now and t o  be  a n t i c i p a t e d  i n  t h e  f u t u r e ?  
What k i n d s  of d a t a  sets need t o  be r e g i s t e r e d ?  
r) Accuracy: What are t h e  re la t ive aiid a b s o l u t e  accuracy r e q u i r a e n t s ?  Hou 
is accuracy measured ar.d evaluated? 
s )  “’hat s u c c e s s  has been achieved t o  d a t e  with r eg i s t e r i ; . g  d a t a ?  
t )  Uhat a p p l i c a t i o n s  s u c c e s s  has been achieved t o  d a t e  w i t h  r e g i s t e r i n g  data? 
What t echn iques  were used? Was t h e  d a t a  changed a s  a r e s u l t  of r e g i s t r a t i o n  
processing,  and i f  so, what is t h e  e f f e c t  of t h e  change? 
u)  How much human i n t e r a c t i o n  is requ i r ed  t o  register d a t a  sets? Is t h i s  
necessa ry ,  and, if so, t o  what e x t e n t  can manual i n t e r a c t i o n  b e  reduced? How 
much does human s u b j e c t i v i t y  effect  t h e  r e s u l t ?  
v )  How s i g n i f i c a n t  a role would  a senso r /p l a t fo rm model play i n  r e g i s t r a t i o n /  
r e c t i f i c a t i o n s  o f  t h e  d a t a  acquired from d i f f e r e n t  sensors on d i f f e r e n t  p l a t -  
forms (e.g., shuttle/SAR and Landsat/TH)? 
u) Although t h e  r e g i s t r a t i o n  and r e c t i f i c a t i o n  p rocesses  are somewhat s i m i -  
l a r ,  t h e y  are also somewhat d i f f e r e n t ;  is t h e r e  a methodology t h a t  can be used 
Tor both? 
x )  Grcund c o n t r o l  wint l i b r a r i e s  a r e  costly t o  bu i ld .  Which ‘ echn iques  are 
mcst optimal under which c o n d i t i o n s ?  
y) Uhat is iiivolved i n  remapping from one map p r o j e c t i o n  or scale t o  ano the r?  
z) How would we ; e l a t e  N A S A ’ s  GCP nec w i t h  e s t a b l i s h e d  geode t i c  c o n t r o l  nets? 
aa) Are there s p e c i f i c  s enso r  subsystem parameters  t h a t  can be developec or  
manipulated t o  improve remapping procedure results? 
bb) Is i t  p o s s i b l e  t o  define s u r r o g a t e  c o n d i t i o n s  f o r  choosing opt imal  tech- 
n i  que s? 
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1. Subpanel :  Resampl ing  F u n c t i o n s  
2. P a n e l :  Rectification 
3. Chairman: R.'.chard J u d a y ,  JSC 
4. D i s c u s s a n t :  R o b e r t  Dye, ERIN 
5. Areas  of Concern:  The e i fect  of r e s a m p l i n g  p r o c e d u r e s  upon s i g n a l - t o -  
n o i s e  r a t i o  for  d i g i t a l  imagery .  Diswss t h e  r e l a t i v e  i m p a c t  af b i l i n e a r ,  
nearest n e i g h b o r ,  c u b i c  s p l i n e ,  and a s s o c i a t e d  h y b r i d  r e s a m p l i n g  algorithms 
uwn t h e  i n f o r m a t i o n  c o n t e n t  of p ixe l s  a n d  local geometric f i d e l i t y .  
6. Charge t o  P a n e l  Working Group: 
a )  Develop  a p o s i t i o n  s t a t e m e n t  o n  t h e  s t a t e  of t h e  a r t  fo r  t h o s e  e l e m e n t s  i n  
a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e r n  t o  t h i s  s u b p a n e l  fo r  t h e  r e g i s t r a t i o n / r e c -  
t i f i c a t i o n  of imaging  sensor d a t a .  Use t h e  p a p e r  p r e s e n t e d  a s  a p o i n t  of de- 
parture, a d d i n g  new e l e m e n t s  n e g l e c t e d  and deleting elements of l i t t l e  appar- 
ent c o n c e r n  t o  NASA and t h e  u s e r  community. 
kj Develop  a p o s i t i o n  s t a t e m e n t  o n  a n t . i c i p a t e d  r e q u i r e m e n t s  f o r  t h e s e  ele- 
merts i n  a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e r n  t o  t h i s  s u b p a n e l  for t h e  regis- 
t r a t i o n / r e c t i f i c a t i o n  of imaging  s e n s o r  da ta .  Use t h e  p a p e r  p r e s e n t e d  as a 
p o i n t  of d e p a r t u r e ,  e d d i n g  new e l e m e n t s  n e g l e c t e d  and de l e t ing  elements of 
l i t t l e  a p p a r e n t  c o n c e r n  t o  NASA and t h e  u s e r  community.  
c )  O u t l i n e  t h e  c u r r e n t  s t a t u s  of  t h e  t e c h n o l o g y  w i t h i n  NASA.  L i s t  t h e  cen-  
ters of e x p e r t i s e  ( f i e l d  c e n t e r  g r o u p s  and u n i v e r s i t y / i n d u s t r y  s u p p o r t  
g r o u p s ) .  
d )  P r o p o s e  e x p e r i m e n t s  t h a t  s h o u l d  be c o n d u c t e d  t o  t e s t  and document, areas  of 
c o n c e r n  t o  t h i s  p a n e l  i n  t e c h n i q u e  a p p l i c a t i o n s .  This s h o u l d  i n c l u d e  s y n t h e -  
t i c  and s t a n d a r d i z e d  d a t a  sets. 
e) D i s c u s s  t h e  f e a s i b i l i t y  of p r o v i d i n g  t e s t e d  software s y s t e m s  p a c k a g e s  t o  
implement  s t a n d a r d  p r o c e d u r e s  p r e s e n t l y  d e v e l o p e d .  Recommend c a n d i d a t e  s y s -  
tems ior t h e  taregistration processorsn s u r v e y .  
f )  I d e n t i f y  r e s e a r c h  tssks t h a t  t h e  s u b p a n e l  feels  s h o u l d  b e  p u r s u e d  t o  en- 
h a n c e  n e a r -  and meaiun-range  c a p a b i l i t i e s .  Recommend l e v e l s  o f  e f for t  (man- 
y e a r s .  d o l l a r s )  and t a s k  d u r a t i o n .  P r i o r i t i z e  t h e  r e s e a r c h  t a s k s .  
7. G e n e r a l  Q u e s t i o n s  t o  C o n s i d e r :  
a )  Master Image Sets:  I n  t h e  context  cf r e s a m p l i n g  f u n c t i o n s ,  d i s c u s s  whe- 
ther-& n o t  t h e r e  s h o u l d  be a set  of master image sets for  r e g i s t r a t i o n .  What 
d a t a  s h o u l d  b e  used for  t h i s  master set? Should  t h e s e  d a t a  be c o n v e r t e d  i n t o  
a p a r t i c u l a r  geometry  or p r o j e c t i o n ?  Can a master image s e t  s e r v e  a s  a refer- 
e n c e  image f o r  f u t u r e  p r o c e s s i n g ,  e l i m i n a t i n g  or  r e d u c i n g  t h e  need f o r  e s t a b -  
l i s h i n g  and m a i n t a i n i n g  a ground c o n t r o l  p o i n t  l i b r a r y ?  Should t h e r n  b e  a 
n a t i m a l  o r  g l o b a l  d i g i t a l  d a t a  b a s e ?  I f  so, what  r e g i s t r a t i o n  strategy 
s h o u l d  be p u r  s u e d ?  
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b )  I n a c c u r a c i e s :  How d o  i n a c c u r a c i e s  p ropaga te  th rous i i  a s y s * e m ?  
c )  Performance: What is t h e  best a c h i e v a b l e  s c c u r a c y  one  c o u l d  expect w i t h  
t h e  algorithms a t  hand for a g i v e n  d a t a  t y p e  b e i n g  ana lyzed?  
d )  C o r r e c t i o n  Methods: What c o r r e c t i o n  methods are a v a i l a b l e  for sys tem use? 
What c o r r e c t i o n  methods are a v a i l a b l e  for  urer use? How well c a n  t h e y  poten-  
t i a l l y  work, and how well c a n  t h e y  be expec ted  t o  work? 
e) What effects  do t h e  v a r i o u s  i n t e r p o l a t i o n  k e r n a l s  have  on 
r e s o l u t i o v ,  t r a n s i e n t  r i se  d i s t a n c e s ,  or p o i n t  spread func t ion?  For the  
u s e r s :  are t h e s e  impor t an t?  
I n t e r p o l a t i o n :  
f )  What is t h e  s e n s i t i v i t y  t o  d a t a  r e g i s t r a t i o n  loss  or  m i s s i n g  
tempora l  o v e r l a p s  w i t h i n  d i s c i p l i n e s ?  What t y p e s  of  e r r o r  d e s c r i p t i o n  (e .g . ,  
RHS, peak,  l o c a l l y  mapped) are needed for e a c h  d i s c i p l i n e ?  Can t h e s e  be pro- 
v i d  ed? 
D i s c i p l i n e s :  
g )  Is t h e  d a t a  changed when processed  t o  a c h i e v e  r e g i s t r a t i o n ?  Uhat is t h e  
effect of t h i s  change? 
h: 
What t e c h n i q u e s  were used? 
What a p p l i c a t i o n s  s u c c e s s  h a s  beet? ach ieved  t o  date w i t h  r e g i s t e r i n g  data? 
i) A1thoub;ti r e g i s t r a t i o n  and r e c t i f i c a t i o n  p r o c e s s e s  a r e  smewhat s i m i l a r  , 
t h e y  are also somewhat d i f f e r e n t ;  is t h e r e  a methodology t h a t  c a n  be used for 
both?  
j) Which registration/rectification t e c h n i q u e s  are most o p t i m a l  under which 
c c n d i  t i o n s ?  
k) Can we p r e c i s e l y  d e f i n e  d i f f e r e n c e s  i n  r a d i c i n e t r i c  and g e c a e t r i c  errors? 
1) 
t i o n  a n a l y s i s  and machine i n f o r m a t i o n  e x t r a c c i o n  p rocess ing?  
Are there  d i f f e r e n t  o p t i m a l  sampl ing  f u n c t i o n s  for  hmali image i n t e r p r e t a -  
m )  Shculd resampl ing  f u n c t i a n s  be t h e  same i n  both t h e  ' w g -  and across- 
track d i r e c t i o n ?  How migh t  i n t e r p o l a t i o n  f u n c t i o n s  v a r y  ac : ing  t o  o v e r l a p  
of sensor IFOV? 
n)  Are there s p e c i f i c  s e n s o r  subsystem pa rame te r s  t h a t  c a n  b e  deve loped  or  
manipula ted  to improve r e sampl ing  p rocedure  r e s u l t s ?  
01 Is i t  possib'e t o  d e f i n e  s u r r o g a t e  c o n d i t i o n s  for c h o o s i n g  o p t i m e l  tech-  
n i  que  s? 
i .  Subpanel :  Error C h a r a c t e r i z a t i o n  and Error Budgets 
2. Panel :  Error A n a l y s i s  
3. Chairman: J o h n  B a r k e r ,  GSFC 
4. D i s c u s s a n t :  E r i e ,  Beyer ,  C.E. 
5. Areas of  Concern: The e s s e n t i a l  components  t h a t  c o n t r i b u t e  t o  t h e  error 
a s s o c i a t e d  w i t h  t h e  p r o j e c t e d  p o s i t i o n  of p i x e l s  i n  s p a c e b o r n e  i m a g i n g  sys- 
tems. D i s t i n g u i s h  be tween t h e  s p a c e c r a f t / s e n s o r  error e l l i p s e  b u d g e t  for a 
g i v e n  p i x e l  l o c a t i o n  and t h e  c o m p u t a t i o n a l  error a s s o c i a t e d  w i t h  a l g o r i t h m /  
model p e r f o r m a n c e  and a s s u m p t i o n s  for g r o u n d  segment p r o c e s s i n g .  Deal w i t h  
error b u d g e t s  t h a t  i n c l u d e  a n d  d o  n o t  i n c l u d e  g r o u n d  c o n t r o l  p o i n t s .  
6. Charge  t o  P a n e l  k o r k i n g  Group: 
a) Develop  a p o s i t i o n  s t a t e m e n t  o n  t h e  s t a t e  of t h e  a r t  fo r  t h o s e  e l e m e n t s  i n  
a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e r n  t o  t h i s  s u b p a n e l  fo r  t h e  r e g i s t r a t i o n / r e c -  
t i f i c a t i o n  of imagi:ig s e n s o r  d a t a .  lise t h e  p a p e r  p r e s e n t e d  as  a p o i n t  of de- 
p a r t u r e ,  a d d i n g  new e l e m e n t s  n e g l e c t e d  and d e l e t i n g  e l e m e n t s  of l i t t l e  a p p a r -  
e n t  c o n c e r n  t o  NASA and  t h e  u s e r  community. 
b )  Develop  a p o s i t i o n  s t a t e m e n t  o n  a n t i c i p a t e d  r e q u i r e m e n t s  for t h o s e  ele- 
ments  i n  a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e r n  t o  t h i s  s u b p a n e l  for t h e  regis- 
t r a t i o n / r e c t i f i c a t i o n  of i m a g i n g  s e n s o r  d a h .  Use t h e  p a p e r  p r e s e n t e d  a s  a 
p o i n t  of  d e p a r t u r e ,  a d d i n g  new e l e m e n t s  n e g l e c t e d  and  d e l e t i n g  e l e m e n t s  of 
l i t t l e  a p p a r e n t  c o n c e r n  t3 NAZA and t h e  u s e r  community. 
c )  O u t l i n e  t h e  c u r r e n t  s t a t u s  of t h e  t e c h n o l o g y  w i t h i n  NASA. L i s t  t h e  cen-  
ters of e x p e r t i s e  < f i e l d  center g r o u p s  a n d  u n i v e r s i t y / i n d u s t r y  s u p p x t  
g r o u p s ) .  
d )  Propose e x p e r i m e n t s  t h a t  s h o u l d  be c c n d u c t e d  t o  t e s t  and document  a reas  of 
c o n c e r n  t o  t h i s  p a n e l  i n  t e c h n i q u e  a p p l i c a t i o n s .  T h i s  s h o u l d  i n c l u d e  s y n t h e -  
t ic  and s t a n d a r d i z e d  da ta  sets.  
e )  D i s c u s s  t h e  f e a s i b i l i t y  of p r o v i d i n g  t e s t e d  s o f t w a r e  s y s t e m s  p a c k a g e s  t o  
implement  s t a n d a r d  procedures p r e s e n t l y  d e v e l o p e d .  Recoinmend c a n d i d a t e  s y s -  
tems f o r  t h e  " r e g i s t r a t i o n  p r o c e s s o r s "  s u r v e y .  
f )  I d e n t i f y  r e s e a r c h  t a s k s  t h a t  t h e  s u b p a n e l  feels s h o u l d  be p u r s u e d  t o  en- 
h a n c e  n e a r -  and medium-range c a p a b i l i t i e s .  Recommend l e v e l s  of e f f o r t  (man- 
y e a r s ,  do l l a r s )  and  t a s k  d u r a t i o n .  P r i o r i t i z e  t h e  r e s e a r c h  t a s k s .  
7. G e n e r a l  Q u e s t i o n s  t o  C o n s i d e r :  
a! M a s t e r  Image Sets: Jn t h e  c o n t e x t  o f  error c h a r a c t e r i z a t i o n  and error 
b u d g e t s ,  d i s c u s s  w h e t h e r  o r  n o t  t h e r e  s h o u l d  be  a s e t  of master image sets for  
r e e i s t r a t i o n .  What d a t a  s h o u l d  b e  u s e d  f o r  t h i s  r a s t e r  set?  Should t h e s e  
d a t a  t e  c o n v e r t e d  i n i o  a p a r t i c u l a r  geometry  3r p r o j e c t i o r ?  Can a m a s t e r  i m -  
age set s d r v e  as a r e f e r e n c e  image for f u t u r e  p r o c e s s i n g ,  e l i m i n a t i n g  or re- 
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ducing t h e  need for  establishing and maintaining a ground control point li- 
brary? Should there be a national or global d i g i t a l  data base? I f  so, what 
regis t ra t ion strategy should be pursued? 
b) Inaccuracies: How do inaccuracies propagate through a system? 
c )  Performance: What is  the best achievable accuracy one could expect w i t h  
the algorithms a t  hand f o r  a given data t y p e  being analyzed? 
d)  Sensor-positional errors  w i l l  be  of two types: those which are  predic- 
table  and therefore presumably can be "calibrated out" ( r e c t i f i e d )  , b u t  w i t h  
residual uncertainties i n  the cal ibrat ion,  and those which a re  implicitely 
random and for  which ancil lary data are  required. What is t h e  e r ror  budget 
for  a particular sensor? What e r rors  can be cal ibrated,  and which must  use 
r e a l  image data for  correction? Can the senscr be adequately modeled? Is the 
required anci l lary data available? What differences i n  performance a re  pre- 
sent i n  d i f fe rec t  t y p e s  of sensors - (scanners, l inear  arrays,  a i r c r a f t  v s  
spacecraft, etc.)? 
e! With what accuracy is the platform position known w i t h  and without GCPs? 
How accurately can a platform be expected t o  repeat coverage of a given swath 
area? Is t h i s  the same a t  a l l  earth locations? How accurately is  the a t t i -  
t u d e  and a l t i tude  known, and what a re  t h e  accuracies ( reg is t ra t ion  and rect i -  
f icat ion)  possible a f t e r  processing? 
f )  Can a world-wide map be drawn of expected geometric (including ground lo- 
cation) accuracy? 
g )  Interpolation: What e f fec ts  do the various interpolation kernels have on 
resolution, transient rise distances, or point spread function? For the user: 
are these important? 
h )  Processing: Should geographic location parameters b e  available t o  users? 
What accuracy should t h e y  have? W i l l  the users be able t o  do precise regis- 
t ra t ion  w i t h  the data available w i t h  each d i g i t a l  frame? To what accuracy? 
i) What is the sens i t iv i ty  t o  data regis t ra t ion l o s s  o r  mis s ing  
temporal overlays w i t h i n  disciplines? What t y p e s  of error  description (e.g., 
RHS, peak, locally mapped) are needed for  each discipline? Can these be pro- 
hvided? 
Disciblines: 
j) Can a logical s t ructure  be developed t o  display the sequence i n  which 
?latform modeling, platform-related scnsors, NAVSTA,t/GPS, ground control 
points, regis t ra t ion t iepoints  (e tc .  1 are u s e d  i n  the rec t i f ica t ion  process? 
Uhat accuracies might be sukected a t  each s t e p  i n  the sequence? 
k) Accuracy: What are  the re la t ive  and absolute accuracy requirements? How 
i s  accuracy measured and evaluated? 
1) What  succeua bas been achieved t o  date w i t h  registering data? 
rn) Are there specif ic  sensor subsystem parameters t h a t  can be developed or 
manipulated t o  improve error  characterization resul ts?  
513 
n) Is  i t  p o s s i b l e  t o  define surrogate conditions for choosing optimal tech- 
niques? 
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1. Subpanel :  Hethods  of Verification 
2. Panel :  Error A n a l y s i s  
3. Chairman: R o b e r t  Pelzmann,  i o c k h e e d  
4. D i s c u s s a n t :  Gerald C r e t a w s k y ,  CSFC 
5. Areas of Concern:  P r o c e d u r e s  used  for v e r i f y i n g  t h e  p o s i t i o n a l  o c c u r a n c e  
of p i x e l  o b s e r v e d  v e r s u s  p r o j e c t e d  l a t i t u d e / l o n g i t u d e  p o s i t i o n  i n  s p a c e b o r n e  
images. P r o c e d u r e s  t h a t  i n c l u d e  and d o  aot i n c l u d e  g r o u n d  c o n t r o l  p o i n t s  i n  
t h e  d a t a  p r o j e c t i o n  process. 
6. Charge t o  P a n e l  Working Group: 
a )  Develop  a p o s i t i o n  s t a t e m e n t  on t h e  s t a t e  of t h e  a r t  f o r  t h o s e  e l e m e n t s  i c  
a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e r n  t o  t h i s  s u b p a n e l  for t h e  registration/rec- 
t i f i c a t i o n  of  imaging  s e n s o r  d a t a .  Use t h e  p a p e r  p r e s e n t e d  as a point ;  of de- 
p a r t u r e .  a d d i n g  new e l e m e n t s  n e g l e c t e d  and d e l e t i n g  e l e m e n t s  of l i t t l e  a p p a r -  
e n t  c o n c e r n  t o  NASA a n d  t h e  u s e r  community.  
b )  Develop a p o s i t i o n  s t a t e m e n t  on a n t i c i p a t e a  r e q u i r e m e n t s  f o r  t h e s e  ele- 
ments i n  a p p l i c a t i o n s '  t e c h n i q u e s  of c o n c e r n  t o  t h i s  s u b p a n e l  x'or t h e  regia- 
t r a t i o n / r t c t i f i c a t i o n  of imaging  s e n s o r  d a t a .  Use t h e  p a p e r  p r e s e n t e d  a s  a 
p s i n t  of d e p a r t u r e ,  a d d i n g  new e l e m e n t s  n e g l e c t e d  and d e l e t i n g  e l e m e n t s  of 
l i t t l e  a p p a r e n t  c o n c e r n  t o  NASA a n d  t h e  u s e r  community.  
c )  O u t l i n e  t h e  c u r r e n t  s t a t u s  of t h e  t e c h n o l o g y  w i t h i n  NASA. L i s t  t h e  cen-  
t e r s  of expertise ( f i e l d  center g r o u p s  and  u n i v e r s i t y / i n d u s t r y  s u p p o r t  
g r o u p s ) .  
d )  P r o p o s e  e x p e r i m e n t s  t h a t  s h o u l d  b e  c c n d u c t e d  t o  t e s t  and dccument  a r e a s  or' 
c o n c e r n  t o  t h i s  p a n e l  i n  t e c h n i q u e  a p p l i c a t i o n s .  T h i s  s h o u l d  i n c l u d e  s y n t h e -  
t i c  and s t a n d a r d i z e d  da t a  sets. 
e) Discuss t h e  f e a s i b i l i t y  of p r o v i d i n g  tested s o f t w a r e  s y s t e m s  p a c k a g e s  t o  
implement  s t a r , d a r d  p r o c e d u r e s  p r e s e n t l y  d e v e l o p e d .  Recommend c a r i d i d a t e  s y s -  
tems fo r  t h e  " r e g i s t r a t i o n  p r o c e s s o r s "  s u r v e y .  
f) I d e n t i f y  r e s e a r c h  t a s k s  t h a t  t h e  s u b p a n e l  feels s h o u l d  b e  p u r s u e d  t o  en- 
h a n c e  n e a r -  and medium-range c a p a b i l i t i e s .  Recommend l e v e l s  o f  e f fo r t  (man- 
y e a r s ,  d o l l a r s )  and t a s k  d u r a t i o n .  P r i o r i t i z e  t h e  r e s e a r c h  t a s k s .  
7. G e n e r a l  Q u e s t i o n s  t o  C o n s i d e r :  
a j  Master  Image S e t s :  Ir, t h e  c o n t e x t  o f  v e r i f i c a t i o n  p r o c e d u r e s .  d i s c u s s  
w h e t h e r  o r  n o t  t h e r e  s h o u l d  b e  a s e t  of master image sets for  r e g i s t r a t i o n .  
What d a t a  s h o u l d  be used  f o r  t h i s  m a s t e r  s e t ?  Should  t h e s e  d a t a  be c o n v e r t e d  
i n t o  a p a r t i c u l a r  geometry  or p r o j e c t i o n ?  Can a m a s t e r  image se t  s e r v e  a s  2 
r e f e r e n c e  image for  fu tu re  p r o c e s s i n g .  e l i m i n a t i n g  o r  r e d u c i n g  t h e  need for 
e s t a b l i s h i n g  and m a i n t a i n i n g  a ground control p o i n t  l i b r a r y ?  Should  t h e r e  b e  
a n a t i o n a l  or g l o b a l  d i g i t a l  d a t a  b a s e ?  I f  so, what  r e g i s t r a t i o n  s t r a t e g y  
s h o u l d  be p u r s u e d ?  
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b)  Inaccuracies: How do inaccuracies propagate through a system? 
c )  Performance: What is the best achievable accuracy one could expect w i t h  
the algorithms a t  hand for  a given data type being analyzed? 
d )  Sensor - positiorral errors  w i l l  be of two t y p e s :  those which are  predic- 
table  and therefore presumably can be  “calSbrat.ed out” ( rec t i f ied)  , b u t  w i t h  
residual uncertainties i n  the calibration, and those which are  implicitely 
random and for  which ancil lary data are required. What is t h e  e r ror  budget 
for  a particular sensor? What e r rors  can be calibrated,  arid which much use 
real  image data for  correction? Can the sensor be adequately modeled? Is t h e  
required ancil lary data available? What differences i n  performance are pre- 
s e n t  i n  d i f ferent  t y p e s  of sensors (scanners, l inear  arrays, a i r c r a f t  v s  
spacecraft, etc.)? 
e) Can a world-wide map be drawn of expected geometric (including ground lo- 
cation) accuracy? 
f )  Processind: Should geographic location paramete-s be available t o  users? 
What accuracy should t h e y  have? W i l l  the users be able t o  do precision regis-  
t ra t ion  w i t h  the data available w i t h  each d i g i t a l  frame? To what accuracy? 
g) 3ow much hunan interaction is requi red  t o  regis ter  data sets?  Is t h i s  
necessary, and i f  so t o  what extent can manual interaction be reduced? How 
much does human subjectivity e f fec t  the resul t?  
h )  
a t t i tude?  
Are recursive techniques of great value for  modelling platform er rors  l i ke  
i) Is accuracy really paramount for  regiztration/rectification? 
j )  Can we precisely define t h e  dis tor t ions,  errors ,  tolerances. reference 
data,  and quality of processing i n  the rectification/regirtration process? 
k) Is segment magnification/reduction and the overlaying of these segments 
for alignment a good t e s t  for  accuracy? 
1) 
t i c a l  scheme t o  be implemented? 
What Verification methods are  applicable t o  the process? Is there a prac- 
m) 
registration/rectification system? 
Can we develop standard performance parameters f w  reporting accuracy of a 
n >  What are the various verification procedures (e.g., visual,  interact ive,  
automated, analytical)  and what has been the performance and l imitations of 
each? 
01 Are there specific seusor subsystem parameters tha t  can be developed or 
macipulabed t o  improve verification procedure results? 
p) Is it  possible t o  define surrogate conditions for  choosing optimal tech- 
nique s? 
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9.5 DEFINITION OF TERMS 
Registration: The alignment of imaging sensor data t o  another image, a sub- 
image, or ident i f iab le  objects on a map. 
Rectification: The conversion of rpa t ia l ly  indexed sensor data t o  a mathema- 
t i c a l l y  defined coordinate system re lat ing t o  l a t i t u d e  and 
longitude. 
Geocodine: The process of regis ter ing spa t ia l  data i n  a manner tha t  achieves 
re t r ievabi l i ty  by geographic referencing. 
Data Integration: The process of registering discrete  and spat ia l ly  d i s t r i -  
bvted sensor data s e t s  and ancil lary data bases i n  a manner 
which accounts f o r  measureoient incongruencies and provides 
spat ia l ly  comparable data sets. 
Systematic Error: Reproducible inaccuracy introduced by faul ty  equipment, 
cal ibrat ion,  or technique. 
Random Error: Indefiniteness of resu l t  due to  f i n i t e  precision of experiment. 
Measure of f luctuation i n  r e s u l t  a f t e r  repeated experimenta- 
tion. 
Probable Error: Indefiniteness of error  which is estimated t o  have been made 
i n  determination of resul ts .  
Accuracy: Measure of how close t h e  result of t h e  experiment comes t o  the 
"true" value. 
Precision: Measure of how exactly the r e s d t  is  determined without reference 
t o  any "true" value, 
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